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Abstract 12 
The majority of polymers are electrical and thermal insulators, with an electrical 13 
conductivity in the range of 10-14 ~ 10-18 S/cm, and thermal conductivity of 0.1~0.4 14 
W/mK. In order to create electrically active and thermally conductive polymers and 15 
composites, a number of strategies have been investigated. The current state of the art 16 
technology is to apply hybrid filler systems in polymers, i.e., to combine different types 17 
of fillers with different dimensions, in order to facilitate the formation of 18 
interconnected conducting network and to enhance the electrical, thermal, mechanical, 19 
and processing properties synergistically. The dispersion and interfacial interaction 20 
between fillers and polymers determine the final properties of polymer composites. By 21 
tailoring polymer-filler interactions both thermodynamically and kinetically, the 22 
selective localisation of fillers in polymer blends can enhance the electrical 23 
conductivity at a low percolation threshold. The percolation threshold can be further 24 
reduced by selectively dispersing fillers at the interface of co-continuous polymer 25 
blends. Moreover, the selective localisation of different types of fillers in different co-26 
continuous phases can result in multiple functionalities, such as high electrical 27 
conductivity, thermal conductivity or electromagnetic interference shielding.  In this 28 
review, we have discussed the latest progresses towards the development of electrically 29 
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active and thermal conductive polymer composites, and highlight the technical 1 
challenges and future research directions. 2 
Keywords: Electrical conductivity; Thermal conductivity; Percolation threshold; 3 
Polymer composites; Phase morphology; Co-continuous morphology; Interface 4 
Introduction 5 
Polymers continue to play an increasingly important role in modern technologies due to their 6 
low cost, low density, ease of manufacture and tailorable mechanical, electrical and thermal 7 
properties, which have demonstrated significant potential in replacing metals and ceramics in 8 
a number of applications, such as in electronics, structural engineering and automotive 9 
industries. However, the electrically and thermally insulating nature of most polymers have 10 
limited their engineering applications. Intrinsically electrical-conducting polymers such as 11 
polyacetylene, poly(phenylene vinylene), polyaniline and polypyrrole are constrained by their 12 
low charge/discharge stability and sloping voltage since the electron transfer is controlled by 13 
the concentration of dopant (10~50%)[1]. Their π-conjugated backbone structures, arising from 14 
alkene bonds or aromaticity, are more rigid than linear aliphatic polymers, thus restrict the 15 
rotation and movement of the polymer chains and generally results in brittleness and poor 16 
processibility of the polymers. 17 
Polymer-based composites are highly desirable compared to bulk polymer materials as a 18 
result of their synergistic combination of low temperature manufacturing processes, low 19 
density and multiple functionalities. The addition of functional fillers, such as carbon-based 20 
nanomaterials, ceramic fillers or metallic powders, can introduce charge- and heat-conduction 21 
functionality to polymers. These have extended the application of polymer composites to a 22 
broad range of uses, such as electrostatic dissipation (ESD) apparatus, electromagnetic 23 
interference (EMI) shielding, electrostatic paint for panels, conducting adhesive, resistors, 24 
piezo-resistive gauges[2, 3], supercapacitors[4, 5], lightning strike protection, electro-optical 25 
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devices, packaging for electronic devices[6] and bipolar plates for fuel cell applications[7]. 1 
However, the enhancement of the electrical- or thermal-conductivity of polymer composites 2 
are limited by the dispersion, morphology and interfacial interaction between the filler and 3 
polymer. The electrical conductivity normally reaches saturation above a certain filler loading 4 
(percolation threshold), and the presence of electrically conducting fillers can also increase 5 
the thermal conduction, which is undesirable in some applications, such as organic light-6 
emitting diodes. Developing approaches to maximize the electrical or thermal conductivity of 7 
polymer composites without compromising processibility and mechanical properties 8 
continues to be technical challenges. 9 
To date, three approaches have been investigated to tackle the above challenges. This first 10 
approach is to combine different types of particles, i.e., the 'hybrid-filler' approach, which 11 
includes the combination of particles with different structures, dimensions, aspect ratios and 12 
physical properties. A second approach involves the selective localisation of fillers in 13 
different phases of polymer blends. In this case the electrical conductivity of polymers can be 14 
enhanced through the formation of dual- or triple- percolated structures within the polymer 15 
matrix. The selective localisation of the fillers at the interfaces of co-continuous polymer 16 
structures can further reduce the amount of filler required to form a percolated network. A 17 
third approach utilising a segregated structure and thermal annealing has proven to be 18 
effective in producing highly electrical or thermal conducting polymer composites.   19 
Polymer composites with high electrical conductivity at low filler loadings are desirable for 20 
lightweight applications since they provide an opportunity to replace metal- or graphite-based 21 
bipolar plates for fuel cell applications[8, 9], and allow for the manufacture of flexible and 22 
stretchable electronics and sensors[10, 11, 12]. In this article, a critical review of the latest 23 
development and a variety of the modification strategies for electrical or thermal conductive 24 
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polymer composites is presented, the relevant theoretical models for electrical and thermal 1 
conduction of polymer composites with single and multiple filler systems are discussed.  2 
2. Electrical conductivity of polymer composites 3 
2.1 Conductive filler dispersion and the percolation threshold 4 
The electrical resistivity (ρ) of a material is a measure of its resistance to an electrical current, 5 
measured in Ohmˑcm (Ωˑcm). The inverse is electrical conductivity (σ), σ= 1/ρ, measured in 6 
Siemens/cm (S/cm). 7 
Most polymers are electrical insulators with σ of 10-14 ~ 10-18 S/cm. The addition of highly 8 
electrically conductive fillers (10 ~ 105 S/cm) to polymers can facilitate charge transport 9 
through electron hopping or tunnelling once a percolated conductive filler network is formed 10 
throughout the polymer matrix. The critical filler concentration, at which an insulator-to-11 
conductor transition occurs, is termed as percolation threshold (φc), which is dependent on the 12 
type, shape, dimensionality and orientation of the conductive filler(s), as well as their 13 
thermodynamic and kinetic interactions with polymers[13].  A low φc is preferable 14 
considering the processing, mechanical properties and cost of the polymer composites. 15 
The materials that have been used to enhance the electrical properties of polymers include 16 
carbon based materials such as 0-D carbon black (CB), 1-D carbon fibre (CF) and carbon 17 
nanotubes (CNTs), 2-D graphite and graphene[14];  metal powders in the form of metal 18 
oxides such as aluminium (Al), nickel (Ni), iron (Fe), copper (Cu) and silver (Ag)-based 19 
fillers, as well as metal particle coated fillers such as Fe-doped CNTs or Ag-coated cellulose 20 
whiskers.  21 
To achieve a high electrical conductivity at low filler loadings, the dispersion and distribution 22 
of fillers in the polymer matrix are critical. Dispersion refers to how the individual fillers 23 
 separate from each other. Due to the differences in surface energy and surface chemistry 1 
between inorganic fillers and polymers, the inorganic fillers tend to agglomerate resulting in a 2 
poor dispersion in polymer matrices. While the filler agglomerates may be well distributed 3 
under the processing conditions, such as shearing, pressure or temperature[15, 16, 17]. 4 
Controlled and well dispersed fillers will increase the probability for filler-filler contacts[17, 5 
18], however a good distribution of well-dispersed conductive particles will widen the gap 6 
between the fillers, preventing conductive pathways from forming, thereby requiring a high 7 
φc. As a result, constructing a three dimensional conductive network within an insulated 8 
polymer matrix prefers a well-distribution of fillers, and not necessarily well-dispersed fillers. 9 
Table 1 lists the electrical, thermal and physical properties of a range of typical fillers used in 10 
polymers, including electrically conducting and dielectric fillers. 11 
Table 1 Electrical conductivity (σ) and thermal conductivity (λ) values of commonly used 12 
fillers[19, 20, 21, 22] 13 
 14 
Filler type Electrical 
conductivity (S/cm) 
Thermal conductivity 
(W/mK) 
Density (g/cm3) 
Aluminium 3.54×105 234 2.7 
Copper 5.98×105 386-400 8.9 
Silver 6.31×105 417-427 10.53 
Nickel 1.43×105 88.5 8.9 
CNTs 3.8×105 2000-6000 2.1 
CF 102~105 10-1000 1.5~2.0 
Graphene 6000 4000-7000 1.06 
Graphite 104 100-500 2.25 
Expanded graphite ˂104 1.17~45.33 0.002~0.005 
Aluminium nitride ˂10-13 100-319 3.235 
Beryllium oxide - 230-330 3.025 
Boron nitride 10-14 185-400 2.27 
 15 
When fillers are heterogeneously dispersed in a polymer, φc is typically reached within 10~30 16 
vol% for dispersed metallic particles, 5~15 vol% for CB, and 0.1~3 vol% for CNTs or 17 
graphene[23]. Conductive particles with a high aspect ratio and orientation tend to lead to a 18 
low φc.  For example, the φc of epoxy/multi-walled CNT (MWCNT) composites was 19 
achieved at 0.02 wt% for long MWCNT of 350 µm, and 0.11 wt% for short MWCNT of 1.5 20 
 µm[24]. An extremely low φc of 0.0031 vol% was achieved when the CNTs were aligned 1 
parallel in an epoxy, which is an order of magnitude lower than randomly orientated or 2 
perpendicularly aligned CNTs[25].  3 
At low filler concentrations, conduction is considered to occur via tunnelling between thin 4 
polymer layers between the fillers [26]. As the filler loading increases, the filler particles 5 
come into contact with each other to form a conductive network, which facilitates charge 6 
transport within the composite, as shown in Figure 1. When 𝜑 > 𝜑𝑐, the conductivity 7 
increases sharply as a function of filler concentration, which can be modelled by a power-law 8 
expression[27]: 9 
𝜎 = 𝜎𝑓(𝜑 − 𝜑𝑐)
𝑡  (1) 10 
where φ is the filler volume fraction, σf  the filler conductivity, σc the composite conductivity, 11 
t is a scaling exponent. The scaling exponent, t, is approximately 1.1~ 1.3 for two-12 
dimensional systems and between 1.6 ~ 2 for three-dimensional systems[28, 29]. More 13 
scattered values of the exponent between 4 ~5 have also been reported[28, 29, 30, 31], which 14 
are related to the microstructural properties of the composites. 15 
 16 
 Figure 1 Schematic percolation curve for the electrical conductivity of conducting fillers in 1 
an insulating matrix and particle morphologies in the different distinguished regions. 2 
Reprinted with permission [32]. Copyright 2016 Elsevier. 3 
The difference of surface energies and surface chemistries between nanoparticles and 4 
polymer matrices can often hinder the dispersion and distribution of the particles in polymers, 5 
and the lack of interactions leads to the interfacial defects. Surface modification of the fillers 6 
is generally employed to improve their dispersion in polymers. However, from a tunnelling 7 
and conduction point of view, a relatively low interfacial interaction between CNTs and 8 
polymers, coupled with partial agglomeration of CNTs was found to be beneficial for 9 
improving the electrical properties of composites.  In Figure 2 the higher affinity between 10 
polyamide 6 (PA6) and CNTs attracts a thin insulting layer of PA6 to the CNTs surface, 11 
which retards the formation of a conductive network of CNTs within PA6. In comparison, a 12 
relatively poor interaction between polystyrene (PS) and CNTs leads to improved dispersion 13 
and enhanced electrical conduction through the tunnelling mechanism[33]. 14 
 15 
 16 
Figure 2 Effect of surface wetting of polymers to CNTs on the electrical conductivity of the 17 
nanocomposites. Reprinted with permission [33]. Copyright 2017 Elsevier. 18 
The maximum electrical conductivity of CNTs or graphene filled polymer composites is 19 
generally lower than expected, despite the intrinsically high electrical conductivity of the 20 
carbon nanoparticles, which is typically in the range of 10~105 S/cm. The potential for a 21 
 tunnelling effect must be considered when an insulating polymer layer exists between 1 
particles that leads to electrons hopping from one conductive cluster to another[30].  2 
Tunnelling between CNTs in composites was estimated by the relationship between DC 3 
conductivity and filler concentration, 𝑙𝑜𝑔𝜎𝐷𝐶 ∝ −𝜑
−1/3[34]. The average tunnel distance d 4 
among conducting particles in the composites depends on the filler loading, 𝑑 ∝ 𝜑−1/3[35], 5 
and the distance is generally less than 5 nm[36].  6 
2.2 Hybrid filler system 7 
Conventional micro-scale fillers such as metallic particles, graphite, carbon black (CB) or 8 
carbon fibres (CFs) generally improve the electrical conductivity of polymers at 9 
concentrations up to 65~80 vol%[37], with maximum conductivities in the range of 0.1~20 10 
S/m. However, the high concentrations of fillers inevitably deteriorate the mechanical and 11 
processing properties of the polymers.  12 
The addition of a second filler can potentially balance processing properties and generate 13 
synergistic effects [38, 39, 40]. The second filler can be either conducting or insulating, such 14 
as nano-clay, cellulose nanocrystals or silica particles. The presence of insulating nanosized 15 
fillers may assist the dispersion and bridge the conducting fillers and helps reduce the 16 
electrical percolation threshold. These combinations of fillers will now be discussed. 17 
2.2.1 Combination of electrically conductive fillers 18 
In order to couple the effects of nano- and micro-scale fillers, composites of epoxy containing 19 
micro-scale short carbon fibers (SCFs) and CNTs were prepared via a two-step procedure, 20 
using an epoxy/CNTs composite as the matrix, and incorporating SCFs as the second 21 
filler[41]. As shown in Figure 3, the effective electrical conductivity (σeff) of the SCF-CNT-22 
epoxy composites increased with an increase of SCF concentration. By using a high aspect 23 
 ratio SCF (ξSCF ≥ 50), an electrical conductive network was formed at low volume fractions, 1 
and σeff was approximately two orders of magnitude higher than composites containing SCF 2 
with a low aspect ratio (ξSCF ≤ 10). Therefore, increasing the aspect ratio of the SCF is more 3 
effective in increasing σeff  than increasing the volume fraction.4 
 5 
 6 
Figure 3 Schematic of composites of polymers and both SCFs and CNTs and, the effect of 7 
SFC aspect ratio on electrical conductivity. Reprinted with permission from Pal et al[41]. 8 
Copyright 2016 Elsevier. 9 
 10 
On comparing the in-plane and through-plane electrical conductivity, the highest conductivity 11 
for a single filler composite system epoxy (bisphenol-A type)/synthetic graphite (80 wt%) 12 
was 53 S/cm for the in-plane conductivity while the through-plane conductivity was 40 S/cm. 13 
The addition of 2 wt% milled CFs increased the in-plane conductivity to 69.8 S/cm, and the 14 
through-plane conductivity to 50.3 S/cm[42]. For the epoxy (bisphenol-F type)-based 15 
composites containing three different  combinations of reinforcements, i.e., graphite-CB, 16 
graphite-MWCNT and graphite-CF[39], a maximum conductivity of 255 S/cm was obtained 17 
for the composite containing 73 vol% graphite, 2 vol% CNT with 25 vol% epoxy matrix. The 18 
incorporation of CNT in the epoxy(bisphenol-A type)-graphite composites substantially 19 
improved the electrical conductivity by 105%, and the flexural strength of the composites 20 
were also improved by 173%. When using milled CFs as the primary conductive filler[43], 21 
 the addition of CNTs provided higher through-plane conductivity of 40.3 S/cm than that with 1 
CB at 19.9 S/cm. This indicates that the combination of CNTs with higher aspect ratio CF 2 
provides higher conductivity.  Moreover, this study revealed that the combination of 3 
graphite/CNT provides higher electrical conductivity than that of CF/CNT.   4 
Hybrid filler systems also facilitate the dispersion of the fillers and form an interconnected 5 
conductive network in thermoplastic polymers. For composites of polypropylene (PP)/CB, 6 
the addition of 8 wt% CF into CB/PP, higher conductivities were obtained for the CF/CB/PP 7 
beyond the percolation region, compared with the CB/PP or CF/PP composites. This suggests 8 
that a conductive network was formed where the CF forms a long conductive pathway, and 9 
CB particles bridges the CFs[44], the resultant composites demonstrated superior liquid 10 
sensing properties [45]. For hybrid CNT-CB fillers modified polyamide 12 (PA 12) 11 
composites, the φc = 0.9 wt % was obtained which was similar to the single filler modified 12 
PA12 composites. While the additional CB particles improved the dispersion of CNTs, and 13 
resulted higher electrical conductivity[46].  14 
The dispersion and electrical conductivity of polymer composites are also effected by the 15 
processing methods, some examples are shown in Table 2.  16 
PP/nickel-coated CF (Ni-CF) (70/30, wt%) composites prepared by injection moulding 17 
demonstrated the highest electrical conductivity of 17.5 S/cm and EMI shielding 18 
effectiveness (SE) of 48.4 dB at a frequency of 10 GHz, respectively. The EMI SE shows the 19 
capacity of the materials to dissipate electromagnetic energy, and is generally expressed in 20 
decibels (dB)[47]. The enhancement in real and imaginary dielectric constants (ε' and ε") 21 
were related to the percolation at a lower Ni-CF concentration, which was affected by the 22 
increased CF length (orientation) in the composite prepared by the injection moulding 23 
process[48] . 24 
 In comparison to traditional melt-mixing, a more homogeneous dispersion of nanofillers at 1 
high concentrations can be achieved by in situ polymerisation. For example, chemically 2 
expanded graphite (CEG) with a large specific surface area (>840 m2/g) was exfoliated into 3 
single- and few-layer graphene in the poly(methyl methacrylate) (PMMA) matrix when the 4 
polymerisation occurred in between the graphite layers[49]. When the graphene 5 
concentration was 10 wt%, the electrical conductivity of the composites was significantly 6 
enhanced to 1719 S/m, due to the dense graphene network with thinner PMMA insulating 7 
layers. In addition, the elastic modulus exhibited a three-fold increase compared to pure 8 
PMMA.  Therefore, with th surface-modified nanofillers, in situ polymerisation makes it 9 
possible to achieve a good dispersion and high electrical conductivity at relatively high 10 
graphene concentrations. 11 
Composites of PS/MWCNTs/graphite nanoplatelet (GNP) were prepared by in situ 12 
polymerization of styrene/CNTs in the presence of PS/GNP microbeads. An electrical 13 
conductivity of 9×10-3 S/cm was achieved for GNP and MWCNT loadings of 0.29 and 0.3 14 
wt%, respectively. A high EMI shielding value (~20.2 dB) was achieved at low MWCNTs 15 
(~2 wt%) and GNP (~1.5 wt%) concentrations.  The high electrical conductivity and high 16 
EMI shielding were associated with the continuous conductive network structure of CNT-17 
GNP-CNT and the strong π-π interactions (i.e., the interactions between aromatic groups 18 
caused by the sharing of delocalised electrons into empty p-orbitals) among the phenyl rings 19 
of PS with GNP and CNTs[35].   20 
For composites of PS/reduced graphene oxide (rGO)/CNTs prepared by a vacuum 21 
impregnation polymerisation[50], when the initial GO mass was increased to 30 mg 22 
(GO:CNTs=2:1), the electrical conductivity of rGO/CNTs/PS composites was enhanced by 23 
11 orders of magnitude relative to pure PS. This was associated with the hierarchical 24 
rGO/CNTs structure that formed a continuous conductive pathway in the polymer matrix. 25 
 For composites of poly(vinylidene fluoride) (PVDF)/MWCNT/GNP prepared by a solution 1 
mixing method,  the electrical conductivity and the EMI shielding properties of the 2 
composites increased with increasing filler loading. Moreover, the EMI shielding properties 3 
of the PVDF/MWCNT/GNP composites were greater than composites of either PVDF/CNT 4 
or PVDF/GNP. The total shielding of PVDF/CNT/GNP films increased from 21.90 to 36.46 5 
dB as the film thickness increased from 0.06 to 0.25 mm. The PVDF/carbon composite films, 6 
with a thickness of 0.1 mm, achieved the highest specific shielding values of 1310 dB cm2/g 7 
for a PVDF/5 wt %-CNT composite and 1557 dB cm2/g for the PVDF/CNT/GNP composite. 8 
The specific SE (dB cm2/g) is defined as SE divided by the mass density and thickness[51], 9 
and is a crucial criterion for high-efficiency shielding materials. This indicates that the hybrid 10 
filler approach is promising for generating flexible and ultra-thin conductive polymer 11 
composite films[52], where EMI shielding properties could be tuned by controlling the film 12 
thickness. 13 
Graphene and MWCNTs were incorporated into poly(p-phenylenebenzobisoxazole) (PBO) 14 
via in situ polymerization of functionalized PBO precursor with GO/MWCNTs, followed by 15 
high-temperature carbonization [53]. The reflection loss of PBO composites containing 7.5 16 
wt% of reduced GO/MWCNTs was -50.17 dB at 12.58 GHz, over 20 times higher than that 17 
of pure PBO (-2.33 dB at 12.58 GHz) with a sample thickness of 2.6 mm. These composites 18 
also exhibited highly improved microwave absorption properties and good thermal stability 19 
compared to the unfilled PBO. 20 
The combination of GO with CNTs helps isolate CNTs bundles and stabilise CNTs in 21 
aqueous PS latex by forming a GO-CNTs shell on PS sphere surfaces. The GO-CNTs layers 22 
were thermally reduced to rGO-CNTs during compression moulding of the PS latex spheres 23 
and formed a 3D foam-like conducting network structure, as shown in Figure 4. This 24 
 composite exhibited an ultra-low φc of 0.03 vol% rGO-CNTs and a high electrical 1 
conductivity of 1.53 S/cm at 4 vol% rGO-CNTs[54]. 2 
 3 
Figure 4 (a) TEM image of GO-CNT dispersion after drying; (b) SEM image of rGO-4 
CNT/PS microspheres; (c) cross-sections of PS composites containing 2 vol% rGO-CNTs; 5 
and (d) electrical conductivity of PS composites as a function of filler content. Reprinted with 6 
permission from Tang et al[54]. Copyright 2014 Royal Society of Chemistry.7 
2.2.2 The addition of a second insulating filler 8 
The addition of 30 wt% electrically insulating CaCO3 to PP/CNT composites reduced φc from 9 
6.2 to 3.6 wt%, increased electrical conductivity from 10-7 to 10-2 S/m at 9 wt% CNT, as well 10 
as increased the notched impact strength of PP from 16 to 33.1 kJ/m2, as shown in Figure 5.  11 
The CaCO3 provides a volume-exclusion effect to the composite, and leads to a denser 12 
interconnecting CNT network and higher electrical conductivity[55]. 13 
  1 
Figure 5 Notched impact strength and electrical conductivity versus CaCO3 content for 2 
composites. Reprinted with permission from Li et al[55]. Copyright 2017 American 3 
Chemical Society. 4 
 5 
When mixing of cellulose nano-whiskers (CNs) and CB particles in composites, the CB can 6 
arrange along the long-axis surface of CNs, yielding a conductive structure with a high aspect 7 
ratio. As shown in Figure 6, natural rubber (NR) composites containing a hierarchical 8 
conductive CB-CN network showed φc = 2.9 vol%, much lower than the CB/NR composites 9 
(7.3 vol%). The electrical conductivity was enhanced by 12 orders of magnitude at 5 vol% 10 
CB, compared to the rubber matrix, and the tensile strength was increased by 760% for the 11 
CB-CN filled rubber composites (CB@CNs/NR)[56]. 12 
 13 
 Figure 6 TEM image of the CB-CNs/NR composite prepared by self-assembly of CB@CNs 1 
and NR latex and electrical conductivity as a function of CB content. The inset shows a CB-2 
CNs/NR composite (7.5 vol% filler loading) lighting an LED device. Reprinted with 3 
permission from Wu et al[56]. Copyright 2015 Royal Society of Chemistry. 4 
 5 
A combination of two types of fillers with large aspect ratios, such as CNTs with nano-6 
fibrillated cellulose (NFC, approximate diameters of 2-5 nm and lengths of 3-5 μm) 7 
significantly enhanced the electrical conductivity and mechanical properties of a 8 
thermoplastic polyurethane (TPU) as compared to the single filler system[57]. The addition 9 
of NFCs assisted the dispersion of the CNTs in the TPU, and reinforced the TPU due to 10 
strong interfacial interactions between the amphiphilic NFC and TPU. The electrical 11 
conductivity of TPU/NFC@CNTs composites increased with the NFC concentrations and 12 
reached 0.28 S/m with 3 wt% NFC and 1 wt% of CNTs, compared with 0.0012 S/m for 13 
TPU/CNT composites. A high stretching sensitivity with a gauge factor of 50 was achieved 14 
which was ascribed to the extended length (overall aspect ratio) of the CNTs in combination 15 
with the longer NFC, as shown in Figure 7.  16 
 17 
 18 
Figure 7 (a) TEM image and (b) Schematic of nano-hybrid fillers of CNTs and nano-19 
fibrillated cellulose (NFC). Reprinted with permission from Xu et al[57]. Copyright 2017 20 
American Chemical Society. 21 
 22 
 Table 2 Electrical properties of polymer composites, hybrid filler versus single filler 
Matrix Single 
filler 
Seconda
ry filler 
Filler ratio Dispersion 
technique 
Percentage filler to reach 
percolation threshold 
Max. conductivity S/cm  
@ filler concentration 
Reference 
Single Hybrid Single Hybrid 
Epoxy 
(bisphe
nol-F 
type)/ 
Graphite CB 70:5 
vol% 
High speed mixer   124 @75 
vol% graphite 
153 @ 70 vol% 
graphite+5 vol%CB 
[39] 
 
Graphite MWCN
T 
73:2 
vol% 
High speed mixer   124 @75 
vol% graphite 
254@73 vol% 
graphite+2 
vol%MWCNT 
Graphite CF 68:7 
vol% 
High speed mixer   124 @75 
vol% graphite 
235@68 vol% 
graphite+7 vol%CF 
PEBA Graphite(
GNP) 
HS-CB 2.45: 1.05 
wt% 
Melt mix 6.7 
vol% 
3.5 
vol% 
  [58] 
PEBA LS-CB GNP 1.18:4.72 
vol.% 
Melt mix 11.7 
vol% 
5.9 
vol% 
  
PPS Graphite CB 70 : 9 
wt% 
Melt mix   73@ 80 wt% 
graphite 
140 @ 70 wt% 
graphite+9 wt%CB 
[37] 
PPS Graphite CNTs 80: 3 
wt% 
Melt mix   73@ 80 wt% 
graphite 
75@ 80 wt% 
graphite+3wt%CB 
PA12 CB CNTs 0.9: 0.9 wt% Melt twin screw 4.3 wt% 1.2 wt%   [46] 
PS CF CB 1.18:0.71 
vol% 
Melt twin screw 8 
vol% 
1.9 
vol% 
  [44] 
Epoxy 
(bisphe
nol-A 
type)/ 
Graphite MCF 78:2 wt% Melt mix   53@ 80 wt% 
graphite 
69.79@ 78 wt% 
graphite+2wt%MCF 
[42] 
PP CB CF 14.1:8 wt% Melt mix 14.1 wt% 12.5 wt%   [45] 
COC CF EG 14.2:8.3 vol% Melt mix twin 
screw 
  1.2 x10-2 @60 
phr CF  
 
6.3 x10-2 @40 phr CF 
+20 phr EG 
 
[59] 
PS rGO CNTs 2:1 wt% Vacuum 
impregnation 
    1.21x10-5@ 0.6wt% 
rGO + 0.6wt% of 
CNT 
[50] 
Epoxy CF CNTs 72:6 wt% Melt compounding   6.34 @80wt% 
CF 
40.3 @ 6wt% CNT + 
72wt% CF 
[43] 
 (bisphe
nol-A 
type)/ 
CF CB 78:2 wt% Melt compounding   6.34 @80wt% 
CF 
19.9 @ 2wt% CB + 
78wt% CF 
Resole 
phenol 
formald
ehyde  
NG CB 70:5 vol% Compression 
molding 
   115.71@70 vol% 
NG+ 5 vol%  CB 
[60] 
epoxy 
resin 
(EPON 
862) 
CF SWNT  Chemical vapor 
deposition 
  0.022 0.049 @0.25wt% 
SWNT 
[61] 
CF MWNT  Chemical vapor 
deposition 
  0.068 0.089@0.25wt%  
MWNT 
 
 2.3 Selective location of fillers in polymer blends 
Most polymers are thermodynamically incompatible with each other due to the difference in 
chain structures and configurations, which is related to the unfavourable enthalpy of mixing 
and  non-negligible entropy [62]. Consequently, polymer blending normally leads to 
heterogeneous systems with a range of multi-phase morphologies. In a two-phase immiscible 
polymer blend, one polymer phase at lower concentration or higher viscosity tends to be 
dispersed as droplets in the major phase, leading to a ‘sea-island’ morphology. The increase 
of polymer phase ratios or selective dispersion of fillers in one phase, can induce a transition 
from ‘sea-island’ morphology to co-continuous morphology, and even phase reversion [63, 
64]. At the phase reversion point, the two immiscible phases remain continuously connected 
throughout the bulk of the blend[65]. 
The localisation of fillers in polymer blends depends on the viscosity of the polymers and 
interfacial energies between blend components. Theoretically, once thermodynamic 
equilibrium is achieved, the localisation of fillers in polymer blends can be determined by 
minimizing the interfacial energy[66, 67]. According to Young’s equation[68, 69], the 
thermodynamic equilibrium for the localisation of fillers in polymer blends can be estimated 
from wetting coefficient (wa), 𝜔𝑎 =
𝛾𝑓−𝐴−𝛾𝑓−𝐵
𝛾𝐴−𝐵
 , where γ is the interfacial energy between 
different components, i.e., fillers (f), polymers A and B. When 𝜔𝑎 < −1 , the filler is located 
preferentially in phase A; −1 < 𝜔𝑎 < 1 , the filler is located at the interface between phase A 
and B, while when 𝜔𝑎 > 1, the filler is located preferentially in B phase.  
Two different approaches are used to calculate the interfacial energy, γij. For a high surface 
energy material the mean harmonic approximation is used[68, 70],  
  
𝛾𝑖𝑗 = 𝛾𝑖 + 𝛾𝑗 − 4 (
𝛾𝑖
𝑑𝛾𝑗
𝑑
𝛾𝑖
𝑑+𝛾𝑗
𝑑 +
𝛾𝑖
𝑝
𝛾𝑗
𝑝
𝛾𝑖
𝑝
+𝛾𝑗
𝑝)                                 (2)  
while for low surface energy materials the geometric mean approximation is applied,  
 
𝛾𝑖𝑗 = 𝛾𝑖 + 𝛾𝑗 − 2 (√𝛾𝑖
𝑑𝛾𝑗
𝑑 + √𝛾𝑖
𝑝𝛾𝑗
𝑝)                          (3) 
In both equations, γd and γp are the dispersive and polar components of the surface energy of 
the component, respectively. 
The electrical conductivity of polymer composites can therefore be tailored by varying either 
the conductive filler loading or the phase morphology. The selective localization of the filler 
in one phase of immiscible polymer blends, or at the interfaces of sea-island or co-continuous 
phases provides a composite with the lowest φc, if the interfacial region is continuous. Further 
examples are listed in Table 3. The double percolation phenomenon was firstly proposed by 
Sumita et al[69], where the percolation of conductive particles in one phase, enables 
percolation of the immiscible phases throughout the whole composite.  
2.3.1 Selective localisation of fillers in sea-island structured polymer blends 
For PLA/PU (85/15 wt%) blend, the minor PU phase is dispersed in the continuous PLA 
phase and forms a sea-island phase morphology, as seen in Figure 8a [63]. The addition of 
CB particles with concentrations from 1 to 3 phr (i.e. parts per hundred rubber) induced a 
gradual expansion of the PU droplets which eventually connected to form a continuous-like 
morphology, where the CB was only located in the PU phase, see Figure 8b. The self-
networking ability of the CB particles and the co-continuity of the polymer phases 
contributed to enhancements of impact strength by 291% and electrical conductivity up to 
5.78 × 10-3 S/m, see Figure 8c,d. Similar phenomena were observed in MWCNTs filled 
 PP/PS (90/10 vol%) blends[67]. The localisation of MWCNT in both the PS minor phase and 
at the interface induced a phase transition from a dispersed to co-continuous morphology. 
This was due to slowing down of the relaxation dynamics of PS/MWCNT; and the MWCNT 
located at the interface acted as a bridge favouring coarsening of the PS/MWCNT. The 
percolation of the composites of PP/PS (50/50) and PP/PS (90/10) occurred at MWCNT 
concentrations of 0.5 and 1.0 vol%, respectively. Therefore, the selective localisation of 
fillers in the minor phase of a polymer blend can induce a double-percolated structure and 
lead to enhanced electrical conductivity.  
 
Figure 8 SEM images of (a) PLA/PU (85/15) and (b) PLA/PU/CB (85/15)/3phr, (c) Notched 
Izod impact strength and (d) electrical conductivity of neat PLA and PLA/15PU blend with 
various CB content. Reprinted with permission from Xiu et al [63]. Copyright 2017 Royal 
Society of Chemistry. 
In the case of ‘sea-island’ structured polyurethane (TPU)/polyamide copolymer (COPA) 
blend (80/20 wt%), CB particles were found to be preferentially located at the interface of the 
blend irrespective of the compounding sequences employed, as shown in Figure 9. The CB 
particles interact with both phases through hydrogen bonding and act as Janus particle-type 
compatibilizers. The φc of TPU/CB was reduced from 6.9 vol% to 3.7 vol% after addition of 
 COPA, suggesting the COPA assisted the formation of a conductive pathway, and provided a 
narrower tunnelling distance for electrons[71].  
 
Figure 9 (a) The formation of a conductive CB network in TPU as a result of COPA addition, 
and (b) illustration for interfacial localization of Janus-like CB particles in the TPU/COPA 
blend. Reproduced with permission from Zhang et al[71]. Copyright 2017 Royal Society of 
Chemistry.  
 
2.3.2 Selective localisation of fillers in co-continuous structured polymer blends 
To selectively localise conductive fillers at the interfaces of co-continuous structures, the 
fillers can be surface-treated to exhibit affinity to both phases thermodynamically, or by 
tailoring the processing sequences [71, 72, 73, 74].  
A typical co-continuous phase morphology was observed in a PS/PMMA (50/50 wt%) blend.  
The surfaced treated MWCNTs containing carboxylic groups were observed to selectively 
disperse at the interface of PS/PMMA (50/50 wt%) blends. The dispersion of MWCNTs were 
affected by balancing the dipole-dipole interactions of –COOH with the PMMA phase and 
the π-π interaction between the MWCNTs and PS. An optimised carboxyl content on the 
MWCNT surfaces was 0.73 wt%, which can precisely place the MWCNTs at the co-
continuous PS/PMMA interface to form a percolated conductive pathway. A low φc was 
obtained at 0.017 wt%, while it was 1.81 wt% for a PS/MWCNTs composite and 1.46 wt% 
for the PMMA/MWCNT composites, see Figure 10a[75].  
 GO nanosheets bearing surface-grafted random P(S-co-MMA) copolymer selectively 
dispersed at the interface of immiscible PS/PMMA (50/50 vol%) blends, and resulted an 
ultra-low φc of 0.02 vol%. The covalently grafted copolymer on the GO surface enhanced the 
interfacial compatibility among the graphene sheets and the polymer blends, see Figure 
10b[76]. 
In another system, octadecylamine-functionalized graphene (GE-ODA) was exclusively 
located in the PS phase in PS/PMMA blends, independent of the component ratio and 
processing conditions. For the PS/PMMA blend (50/50 wt%), a φc of 0.5 wt% was achieved 
and the electrical conductivity was enhanced by six orders of magnitude compared to the 
PS/GE-ODA composite due to the formation of a percolated network of graphene sheets in 
the continuous PS phase, see Figure 10c[77]. 
 
Figure 10 (a) AC conductivity (at 1 Hz) of MWCNT/PMMA, MWCNT/PS and 
PS/MWCNT/PMMA (40/60 wt%) composites as a function of MWCNT content and a TEM 
image of the 0.5 wt% MWCNT filled PS/PMMA blends. Reprinted with permission from 
Chen et al[75]. Copyright 2017 Elsevier; (b) DC conductivity as a function of filler content 
for rGO and P(S-co-MMA)-g-rGO filled PS/PMMA (50/50 vol%) blends and a TEM 
showing dispersion of 0.46 vol% rGO in the PS/PMMA blend. Reprinted with permission 
from Tan et al[76]. Copyright 2013 Royal Society of Chemistry; (c) AC conductivity (1 Hz) 
 vs GE-ODA loading in PS/PMMA (50/50 wt%) blend, PS and PMMA and a TEM image of 
PS/PMMA (50/50 wt%) blends filled with 1.0 wt% GE-ODA. Reprinted with permission 
from Mao et al[77]. Copyright 2012 American Chemical Society. 
 
Instead of covalently modification of CNTs, a poly(styrene-ethylene-methyl methacrylate) 
triblock terpolymer (PS-b-PE-b-PMMA) was applied to physically modify CNTs. The 
ethylene middle block was selectively adsorbed onto the CNT surface, and the immiscible PS 
and PMMA end blocks were phase-separated into a patchy PS/PMMA blend, as shown in 
Figure 11. Such modified CNTs were dispersed homogeneously in both phases and at the 
interfaces as a result of the adaptable morphology of the patchy corona blocks. This provides 
a novel route for highly selective localisation of CNTs in multiphase polymer blends, 
although no electrical properties were reported in this work[78]
 
 
Figure 11 Patchy CNTs and the distribution in PS/PMMA blends. Reprinted with permission 
from Gegenhuber et al[78]. Copyright 2016 American Chemical Society. 
 
In poly(ethylene vinyl acetate)/thermoplastic polyurethane (EVA/TPU) blend, MWCNTs 
were only located in the TPU phase, independent of the phase ratios. A dielectric percolation 
threshold was observed for EVA/TPU (80/20) containing between 3 and 5 wt% MWCNTs 
leading to a sharp increase in the dielectric constant from 85 to 100 at 1200 Hz, see Figure 
12. This was because the MWCNTs filled TPU droplets were isolated by thin EVA layers, 
 forming a network of micro-capacitors, which induced greater charge accumulation on the 
interfaces of the TPU and EVA phases due to the increased interfacial polarization, resulting 
in an increase in AC conductivity. A 3D double percolated structure was formed for co-
continuous EVA/TPU (50/50) blends. Compared to the sea-island morphology, the dispersion 
of MWCNTs at the interface diluted its concentration in the TPU phase, and thus reduced the 
number of micro-capacitors generated by neighbouring MWCNTs. In this case, the blend 
with sea–island morphology is beneficial for high dielectric constant and low dielectric 
loss[79].
 
Figure 12 Dielectric constant of composites with different morphologies as a function of 
frequency, and the associated TEM images. Reprinted with permission from Zhang et al[79]. 
Copyright 2017 American Chemical Society.  
  
The selective localisation of particles also depends on their aspect ratio. A high aspect ratio 
facilitates dynamic transfer of the fillers across the interface and lowers the stability of the 
filler in the interface region. Therefore, the selective localisation of low aspect ratio CB 
particles at the interface is often reported[80]. For example, in co-continuous PS/PMMA 
(50/50 vol%) blends, CB was preferentially localised in the continuous PS phase, which 
suppressed phase coarsening during quiescent annealing, and also resulted in a double 
percolation threshold at half of the value attained for a single-phase composite[80].  
The nanofillers can be brought to the interfaces of polymer blends by addition of a third 
 polymer as a compatibiliser. In CB filled PP/PS (70/30 vol%) blends[71, 74], the presence of 
5 vol% of a styrene–butadiene–styrene (SBS) copolymer attracted the CB particles to migrate 
from the PS phase to the interface with the PP matrix due to its higher affinity to CB fillers. 
This reduced the φc of the composites from 1.55 to 0.95 vol%.  
When MWCNTs were initially melt-mixed with a PS-r-PMMA random copolymer, then 
melt-mixed with a partially miscible blend of poly-a-methylstyrene-coacrylonitrile 
(PaMSAN) and PMMA (85/15 wt%), it was found that the MWCNTs were mainly dispersed 
at the interface and bridged the PMMA droplets (Figure 13a). It was proposed that upon 
phase separation, the MWCNTs migrate to the interface mediated by PS-r-PMMA. The 
MWCNTs bridged the PMMA droplets and resulted in an interconnected network-like 
structure.  The PaMSAN/PMMA (85/15) containing PS-r-PMMA modified MWCNTs 
exhibited a moderate electrical conductivity of 10-7 S/cm, and a low electrical φc of 0.25 wt% 
[81]. The conductivity was further increased by approximately two orders of magnitude upon 
annealing, see Figure 13b.  
 
Figure 13 (a) PaMSAN/PMMA (85/15 wt%) blends with PS-r-PMMA modified MWNTs; 
(b) PS-r-PMMA modified MWCNTs. The effective concentration of MWCNTs is 0.25 wt%. 
Reprinted with permission from Bose et al[81]. Copyright 2016 Royal Society of Chemistry. 
 
A different strategy can be demonstrated by examining MWCNTs filled poly(lactic acid) 
(PLA)/poly(ε-caprolactone) (PCL) blends. The MWCNTs were firstly mixed with 
 thermodynamically unfavourable PLA, then added to PCL. The immiscible PLA/PCL blend 
formed a co-continuous phase morphology at 50/50 wt% and the MWCNTs migrated from 
the PLA phase towards the more favourable PCL phase during the melt-mixing process[73]. 
The second melt process was restricted to 4 min in order to trap the MWCNTs at the interface 
before they entered into the PCL phase. A low φc of 0.025 wt% was achieved for the 
PLA/PCL/MWCNT composites, see Figure 14. In comparison, PLA/PCL/MWCNTs 
composites prepared by simultaneous mixing of the components had a higher φc of 0.97 wt%. 
Therefore, the φc can be significantly reduced if the conductive fillers are selectively 
distributed at the continuous interface of the co-continuous polymer blend, since only a very 
small amount of fillers are required to form a conductive percolated network.  
 
Figure 14 AC conductivity (at 0.1 Hz) of (a) PLA/0.25 wt% MWCNTs/PCL composites as a 
function of mixing time, and (b) PLA/MWCNTs/PCL composites as a function of MWCNT 
content. The mixing time was fixed at 4 min for all samples. Reprinted with permission from 
Huang et al[73]. Copyright 2014 Elsevier. 
Interfacial localisation of graphene in co-continuous polymer blends has been shown to be 
effective in stabilizing the co-continuous morphology and increasing electrical conductivity 
with a low electrical percolation threshold. By selectively locating thermally 
reduced graphene oxide (rGO) at the interface of co-continuous PLA and PS blends, an 
ultralow φc of 0.028 vol % was observed. It is believed that the rGO transfers from the PLA 
phase to the interface during melt compounding and annealing, which forms a 3D network 
 that effectively suppresses the coarsening of the co-continuous structure[82]. 
 
Figure 15 Comparison of electrical conductivity in the segregated S-PLLA/PCL/MWCNT, 
directly mixed R-PCL/MWCNTs, and directly mixed R-PLLA/PCLNT composites as a 
function of MWCNTs content. The inset shows the fitting lines for the R-PCL/MWCNTs 
composites by classical percolation theory processing procedure for preparing the 
PLLA/PCLNT composites with a segregated structure. Reprinted with permission from Shi et 
al[83]. Copyright 2017 American Chemical Society. 
 
 
 Table 3 Selective localisation of nano-sized fillers polymer composites having co-continuous morphology 
Blend Ratio Filler Composite 
preparation method 
Percolation threshold (filler to 
whole resin) 
Electrical conductivity S/cm Phase 
selection 
Refs 
PET/PVDF  50:50 vol% CNT 6 vol% mix 
with PET 
Compounding - 0.059 @ 6 vol% CNT mixed with 
PET 
PET [84] 
PP-PS 
 
70:30 vol% CB 1 vol.% SBS 5 
vol.% 
Melt compounding 1.55 wt% 0.5 @ 1 vol% CB SBS [74] 
PMMA-PU 75:25, 
80:20, 85:15 
wt% 
CB content (1~5 
wt%) 
Radical bulk 
polymerization 
2 wt% of CB for PMMA/PU 
(80:20) and (85:15); 3 wt% of 
CB for PMMA/PU (75:25) 
2.05×10-6 @ 5 wt% CB for 
PMMA/PU  (80:20) 
- [85] 
LDPE-PVDF 2:1, 1:1 
vol% 
MWCNT Melt compounding 5.7 vol% for PVDF- LDPE 
ratio 2:1; 7.1 vol% for PVDF- 
LDPE ratio 1:1 
1×10-6 @8 vol% MWCNT for 
PVDF-LDPE (2:1) 
LDPE [86] 
HDPE-
UHMWPE 
25:75 & 
50:50 wt% 
Carbon fiber 15 
wt.% Graphite 60 
wt.% 
Dry mix, Hot press  69 @15 wt% CF + 60 wt% 
Graphite for HDPE-UHMWPE 
(25:75) 
HDPE [87] 
HDPE-PMMA 20:80-80:20 
wt% 
CB 
30 phr (in HDPE) 
Two roll mill  1×10-2 @ 30phr CB for HDPE-
PMMA( 80:20) 
HDPE [88] 
PMMA-PP 20:80-60:40 
wt% 
CB 10 Phr (in 
PMMA) 
Two roll mill  1×10-4 @ 10Phr CB for PMMA-
PP (40:60) 
PP [88] 
PC-PS  
 
50:50 
vol% 
CNT  
0.05 -5 wt% 
Solution 
compounding 
0. 5 wt% 0.77 @5wt% CNT for PC-PS 
(50:50) 
PS [89] 
PP-Novolac 90:10-40:60 
wt% 
CB 
6 wt% 
Melt mixing CB 8phr in PP-Novolac 70/30 ≈0.1 @ 17phr CB for PP/Novolac 
(70:30) 
PP [90] 
LCP-PC 20:80 wt % CNT 
0.5-15 wt% 
Melt mixing 1 wt % CNT 1×10-2 @ 15 wt% CNT for LCP-
PC (20:80) 
LCP [91] 
PET-PE 1:3.2 vol% CB Melt mixing 3.8 vol% CB 1×10-3 @ 12 vol% CB for PET-PE 
(1:3.2 ) 
PET [92] 
PA6- PP 10:90-30:70 
wt% 
CB Melt mixing and 
compression molding 
 0.0067 @ 6 wt% CB for PA6-PP 
(20:80) 
Interface 
PA6-PP 
[93] 
PET-PVDF  50/50 wt% CF-10phr 
CNT-5phr 
Melt mixing  0.1 @ 10 phr CF + 5 phr CNT for 
PET-PVDF (50:50) 
PET [94] 
PE-PP 
 
60:40-40:60 
wt% 
MWCNT 
 
Melt mixing 1.3 wt% MWNT 0.05 @ 7 wt%  MWCNT for PE-
PP (60:40) 
PE [95] 
HDPE-iPP 50:50 wt% VGCF 
2.5phr 
Two roll mill 1.25 phr VGCF 1×10-4 @ 2.5 phr VGCF for 
HDPE-iPP (50:50) 
HDPE [96] 
 UHMWPE-
HDPE 
97:2.7 wt% UHMWPE-HDPE Solution 
blending 
0.3 wt% 8.4×10-7 @ 0.3wt% CNT for 
UHMWPE-HDPE (97:2.7) 
HDPE [97] 
PS/PMMA 50:50 vol% PS/PMMA Melt mixing 1 vol% 10-3 @ 10 vol% CB for PS/PMMA 
(50:50) 
PS [98] 
PA6/ABS 60/40-40/60 
wt% 
PA6/ABS Melt mixing  10-5 @ 5 wt% MWNTs for 
PA6/ABS (60:40) 
PA6 [99] 
PP/POE 70:30 wt% CNT Melt compounding 4 wt.% 5×10-8 @ 10 wt% CNTS for 
PP/POE (60:30) 
PP [100] 
PP/UHMWPE 70:30 wt% CNT Melt compounding 2.8 wt.% 5×10-5 @ 10 wt% CNT for 
PP/UHMWPE (60:30) 
PP 
PP/POE-g-MA 70:30 wt% CNT Melt compounding 4.5 wt% 5×10-12 @ 10 wt%  CNT for 
PP/POE-g-MA (60:30) 
PP 
PLLA / PCL 95:5 wt% MWCNT Melt mixing 0.012 wt% 3.84×10-6 @ 0.05 wt% MWCNT 
for PLLA/PCL (95:5) 
PLLA [101] 
PP/HDPE 80:20 wt% CF Melt mixing  2.5×10-4 @ 5wt%   CF for 
PP/HDPE (80:20) 
PP [102] 
PDMS/PANI 95:5 wt% CNT Ultrasonic treatment  3.4×10-4 @ 2 wt% CNT for 
PDMS/PANI (95:5) 
PDMS [103] 
CPA/PP 84:12.5 
vol% 
CNT Melt mixing  5×10-7 @3.5wt% CNT for 
CPA/PP (84:12.5) 
CPA [104] 
PP/CPA 84:12.5 
vol% 
CNT Melt mixing  10-6@ 2.5 wt% CNT for PP/CPA 
(84:12.5) 
PP 
PMMA/LDPE 80:20 wt% MWCNT Melt compounding 2 wt% 10-2 @ 5 wt% MWCNT for 
PMMA/LDPE (80:20) 
LDPE [105] 
LDPE/PMMA 80:20 wt% MWCNT Melt compounding 3.5 wt% 10-3 @ 5 wt% MWCNT for 
LDPE/PMMA (80:20) 
LDPE 
 
 
 2.3.3 Segregated structures 
Segregated structures can be created by compression-moulding a mixture of polymer 
granules coated with conductive fillers through dry or solution mixing, or by selective 
distribution of fillers at the interfaces of immiscible polymer blends through melt-
compounding. The segregated conductive network leads to an ultra-low φc in the range of 
0.005~0.1 vol%, high electrical conductivity of up to 106 S/m, and good EMI shielding 
effectiveness (above 20 dB) at low filler loadings[106].  
MWCNTs were initially mixed with PCL, then coated onto PLA particles at 100 oC, a 
temperature between the melt temperatures of PCL and PLA, as shown in Figure 15. A 
following compression moulding at above the melt temperature of PLA generated segregated 
PCL/MWCNT structures. The MWCNTs were selectively dispersed in the PCL phase, 
resulting in a low φc of 0.0085 vol%. A high electrical conductivity of 3.84 × 10-4 S/m was 
obtained at 0.05 wt% of MWCNTs[83]. 
Poly(ethylene-co-octene) (POE)/MWCNT elastomeric composite was prepared by mixing 
MWCNTs with chemically cross-linked POE granules to form a segregated structure, as 
shown in Figure 16b. The percolation threshold of 1.5 vol% was observed, much lower than 
that of the melt-mixed POE/MWCNT composites, 9 vol%, see Figure 16a. This was 
associated with the denser conductive network formed in the selective POE phase[107]. 
  
 
 
 
 
 
Figure 16 (a) Electrical conductivity as a function of MWCNT content and (b) TEM images 
of cross-linked granules/POE/MWCNT-3.7. Reprinted with permission from Li et al[107]. 
Copyright 2015 Royal Society of Chemistry. 
 
From the above discussion, it is clear that the structure and morphology of multiphase  
composites directly determine the electrical properties. A recent study compared the electrical 
conductivity and EMI performance of PE/CNTs composites with different structures, 
segregated (s-CNT/PE), partially segregated (p-CNT/PE) and randomly distributed (r-
CNT/PE)[108]. The percolation threshold values were calculated to be 0.013, 0.025, and 
0.310 vol% for s-CNT/PE, p-CNT/PE and r-CNT/PE, respectively. With 0.8 wt% of CNTs, 
the s-CNT/PE composite exhibited electrical conductivity of 0.89 S/m, about 47 and 182 
times higher than that of the p-CNT/PE and r-CNT/PE composites respectively. Over the 
frequency range of 8.2–12.4 GHz (X-band), with the same CNT concentration of 5 wt%, the 
s-CNT/PE composite achieves an EMI shielding effectiveness (SE) as high as 46.4 dB, which 
was 20% and 46% higher than the p-CNT/PE and r-CNT/PE composites, respectively. The 
segregated s-CNT/PE composite with highly dense CNT networks contributes to the 
increased electrical conductivity as shown in Figure 17 (a-b). With only 1.0 wt% CNT 
addition, an EMI SE of 20.8 dB was achieved at the frequency of 12.4 GHz.  This can be 
associated with the numerous interfaces that absorb electromagnetic waves, and demonstrates 
 the effectiveness of improving EM performance by tailoring the morphology and structures 
of the composites, see Figure 17 (c-d). 
 
Figure 17 SEM images of (a) s-CNT/PE composites; (b) electrical conductivity and (c) EMI 
SE of the three CNT/PE composites with 5.0 wt% CNTs in the X-band frequency range, (d) 
The average EMI SE as a function of electrical conductivity of the s-CNT/PE composite. 
Reprinted with permission from Jai et al[108]. Copyright 2015 Royal Society of Chemistry. 
2.4 Selective localisation of hybrid fillers in polymer blends  
Selective distribution of multiple nanofillers in different phases of polymer blends has 
provided additional opportunities to tune the morphologies and functionalities of polymer 
composites.  
To obtain a high shielding effectiveness (SE) in polymer based systems without using 
metallic shields, the combination of conducting carbonaceous nanomaterials and metallic 
particles have been an effective strategy to create lightweight EM shielding materials[109].  
The electrically conductive CNTs or graphene contribute to the reflection mechanism of EM 
waves due to their high aspect ratio and skin effects[110]; while the metal/metal salts provide 
 magnetic and dielectric properties and act as EM absorbers to convert the EM energy into 
thermal energy and dissipate it through the surface[111]. In this type of composite, the 
combination of carbon and metal particles provides both conductivity and magneto-dielectric 
loss to the composites. The shielding effectiveness depends on the filler type, their dispersion 
and location, polymer-filler interfaces as well as the configuration of the products[112].  
2.4.1 Metal-filled polymer composites 
Metallic particles filled polymer composites exhibit a number of advantages over metals such 
as flexibility, lightweight, corrosion resistance, together with the ability to form complex 
parts due to the ease of processing of polymers. The electrical, thermal conductivity and 
mechanical properties of polymers have been improved by adding metal particles such as 
aluminium, nickel, copper, iron and silver [113], examples are shown in Table 4.   
However, the large difference in surface energy between metal particles and polymers result 
in poor interfacial adhesion[114]. The wide distribution of the shape, size and properties of 
metal particles result in a percolation threshold in the range of 8 and 40 wt%, such high 
loading of metallic particles inevitably deteriorate the mechanical and processing properties 
of the polymers.  Despite their universal importance in numerous applications, such as EMI 
shielding, passive components as heat sinks in electronic circuits and pressure sensors,  
metal-filled plastic composites have not been systematically studied [115]. 
By using LDPE as a matrix, the addition of copper particles with size of 38 μm reached an 
electrical percolation threshold at 19 vol%[116]. In comparison, the addition of smaller 
copper particles (0.2-0.3 μm) could reduce the percolation threshold to 10 vol% [117]. High 
aspect ratio metal particles are preferable to form a conductive network at low concentration 
levels. Copper nanowires filled SBS [118] composites displayed a high conductivity of 1858 
S/cm, and a high elongation at break of 920%. In addition, the electrical performance of the 
 composite was not affected after deformation to a bending radius of 4.0mm for 1000 cycles.  
It was important that the copper nanowire filled SBS composites could be directly printed 
onto paper to produce flexible circuits with excellent electrical performances under different 
tension conditions. 
For branch-structured nickel particles filled LDPE[119], a maximum electrical conductivity 
was achieved at 83 S/cm and a thermal conductivity of 1.99 W/mK, but at a filler 
concentration as high as 30 vol%. An electrical percolation threshold was identified at 8 
vol%. Processing PVDF/nickel composites by solution mixing resulted in a percolation 
threshold of 16 vol% [120]. In comparison,  a higher percolation threshold of 28 vol% was 
observed for PVDF/nickel composites when prepared by dry mixing and hot pressing [121].  
2.4.2 Selective location of hybrid metal-carbon particles in polymer composites 
The EMI shielding performance of polymer composites relies on multi-component and multi-
phase design. Some of the latest developments are summarised in Table 5. 
The doping of α-MnO2 onto MWCNTs ensured intrinsic wave impedance matching in 
addition to providing conducting pathways, and the ferrite-doped cross-linked GO facilitated 
the enhanced attenuation of the incoming EM radiation. When both types of hybrid fillers 
were added to a binary immiscible co-continuous PC/PVDF (50/50 wt%) blend, the filler 
particles were selectively located in the PVDF phase due to a polarity mismatch. This 
magneto-dielectric coupling led to a high electromagnetic shielding efficiency (SE) of -37 dB 
at 18 GHz, dominated by absorption-driven shielding. A multilayer structure by stacking 
individual composites was able to form an absorption–multiple reflection–absorption 
pathway, and resulted in an SE of -57 dB for a thin shielding layer of 0.9 mm thickness. Such 
a high SE indicates >99.999% attenuation of the incoming EM radiation[122].  
 MWCNT was doped with flower-like Fe3O4 nanoclusters, then added to PC/PVDF (50/50 
wt%) blends to form composites. The hybrid Fe3O4/MWCNT filler dissipated heat 
effectively. Stacking the composites in a specific sequence resulted in a high shielding 
efficiency of −64 dB at 18 GHz for a shield thickness of 0.9 mm[123]. The hybrid 
Fe3O4/MWCNTs fillers provided absorption driven shielding due to the presence of both 
electrical and magnetic dipoles, together with multiple interfaces.  
To improve the interface adhesion of co-continuous immiscible polymer blends, a third 
polymer PMMA (10 wt%) was incorporated into the immiscible PVDF/PC (40/60 wt%) 
blends due to its mutual compatibility with both PVDF and PC. The electrical conductivity 
was enhanced by selectively locating ionic liquid modified MWCNTs in the PVDF phase and 
the magnetic properties were tuned by locating BaFe nanoparticles in the PC phase via a 
nucleophilic substitution reaction, see Figure 18. Thus, the conducting MWCNTs surface 
reflected back incident EM radiation by approximately 40%. The incoming radiation suffers 
multiple scattering within the CNT network and the penetrated EM radiation was also 
absorbed by the BaFe nanoparticles, accounting for the absorption of 60% of the microwave 
radiation. The PMMA acted as an interfacial modifier in the PC/PVDF blends for a 
significant enhancement in mechanical properties, in addition to retaining high shielding 
effectiveness (SE) of -37 dB at 18 GHz frequency[124].  
 
 
 Figure 18 (a) AC electrical conductivity of PVDF/MWCNT and 60/40 PC/PVDF/MWCNT 
composites; (b) total shielding effectiveness (SET) of these composites; and (c) the 
mechanism of EM attenuation for blends containing 2 wt% IL-MWNT in PVDF phase and 5 
wt% BaFe in the PC phase. Reprinted with permission from Biswas et al[124]. Copyright 
2015 American Chemical Society. 
Table 5 EMI shielding performance of multi-component and multi-phase composites 
Polymer Nanoparticles Frequency 
(GHz) 
Thickness 
(mm) 
SEtotal 
(dB) 
Refs 
PVDF MWCNT 5 wt% 18-26.5 0.1 22.41 [52] 
 Graphene 10 wt% 18-26.5 0.1 18.7 [52] 
 MWCNT 5 wt% + graphene 10 wt% 18-26.5 0.1 27.58 [52] 
 Graphene + graphene quantum dots 
(2 wt%) 
12  37 [125] 
 Graphene + graphene quantum dots 
(2 wt%)+Ag 
12  46 [125] 
 rGO –Co3O4 (10 wt%) 2-18 
(11.6) 
4  [126] 
 rGO –MnFe2O4 (5 wt%) 2-18 (9.2) 3 -29 [127] 
 rGO –MnFe2O4 (5 wt%)+ MWCNT 
(3 wt%) 
2-18 (18) 3 -38 [128] 
 rGO –FeCo (10 wt%)+ MWCNT (3 
wt%) 
8-18 (12)  -41.2 [129] 
 rGO-MoS2 (5 wt%) 2-18 
(14.48) 
5 -27.9 
(25 wt%) 
[130] 
 3D crosslinked rGO –FeCo (10 wt%) 
+ MWCNT (3 wt%) 
12-18 5 -41 [129] 
PS carbide/carbonitride (MXene) (1.90 
vol%) 
8.2-12.4 2 -62 [131] 
PC/SAN 
(60/40 wt%) 
rGO-Co/MWCNT(10 wt% +3 wt%) 
in PC phase 
12-18 
(18) 
5 -34 [132] 
PVDF/PC 
(40/60 wt%) 
+ PMMA (10 
wt%) 
IL-MWCNT (2 wt%) + BaFe (5 
wt%) 
2-18 (18) 1 -37 [124] 
PVDF/PC 
(50/50 wt%) 
rGO -Fe (5 wt%)+ MWCNT/α-
MnO2 (3 wt%) 
8-18(18) 0.9 -37 [122] 
 MWCNT 3 wt% + Fe3O4 3 wt% 
Three layer assembly 
18 0.9 
0.9 
-32 
-64 
[123] 
2.5 Electrical conduction mechanism of polymer composites 
Table 6 Prediction models of conductive composites 
Model Mechanism / 
assumption 
Conductivity prediction formula Applicability 
Classical 
model 
Based on the 
dimension of 
 
𝜎 = 𝜎0(𝜑 − 𝜑𝑐)
𝑡 
More suitable 
for an 
 network 
geometry  
 t is an index related to the dimension of the 
conducting network. For 2D network, t ≈ 
1.3; for 3D network, t ≈ 2.0. 
approximate 
trend forecast 
Voetmodel 
[133] 
 
Non-Newtonian 
conduction 
mechanism. 
Particle 
transmission and 
electron 
emission. 
 
𝑙𝑜𝑔𝜎 = 𝐾𝜑
1
3 , K is a constant 
 
Considering 
the action of 
electron 
emission 
mechanism for 
filler content 
below 
percolation 
threshold 
Electron 
Tunneling E 
ffect 
model[134] 
Based on simple 
tunnel 
conduction 
model 
𝜎𝑑𝑐 = 𝜎0𝑒
−2𝑋𝑡𝑑 
σc is the resistivity of the conductive filler, d 
is the tunnelling gap between conductive 
particle, Xt is the gap barrier coefficient 
Occurs when 
the distance 
between  
conductive 
particles is 
close, about 
10 nm 
Scarisbrick 
model[135] 
Conductive 
network formed 
through particle 
contact. 
The particle is in 
Ohmic contact. 
The particles are 
spherical in 
random 
distribution 
 
 
𝜎𝑐
𝜎𝑓
= 𝜑 × 𝜑𝑒(𝑉𝑐)−2 3⁄ × 𝐶2 
 
σc is the electrical conductivity of 
composites; σf is the electrical conductivity 
of filler; c is geometric parameter; φc is the 
volume fraction of conducting filler in the 
composite   
Statistical 
model 
suitable for 
EVA/CB and 
EVA/SCF of 
high filler 
content, not 
suitable for 
EVA/MWCNT  
McCullough 
model[136] 
 
Based on 
transport 
mechanism 
 
𝜎𝑐 = 𝜑𝑝𝜎𝑝 + 𝜑𝑓𝜎𝑓 − (
𝜑𝑝𝜑𝑓𝜆(𝜎𝑓 − 𝜎𝑝)
2
𝑉𝑓𝜎𝑓 + 𝑉𝑝𝜎𝑝
) 
σc is conductivity of the composite; σp is 
conductivity of pure polymer; σf  is 
conductivity of filler (CB- 5,260 S/cm，
MWCNT- 100 S/cm; λ is a structural factor 
related to the formation of conductive chains 
and networks (varying from 0 to 1) 
Can predict the 
conductivities 
of 
homogeneous 
systems  
Bueche 
model 
[137] 
Based on 
aggregation of  
conductive 
particles that 
forms gel 
network in 
polymer matrix  
𝜎𝑐 = 𝜑𝑓𝜎𝑓 + (1 − 𝜑𝑓)𝜎𝑝 
φf  is volume fraction of filler；σp is 
conductivity of polymer (10-10 S/cm) 
Not suitable 
for multi-
component 
system of 
which 
component has 
large 
difference in 
performance 
Modified 
Scarisbrick 
model[138] 
 
A modified 
Scarisbrick 
model by 
introducing filler 
aspect ratio, 
 
𝜎𝑐 = 𝐶 × 𝜎𝑓 ×
𝐴
10
× 𝑆 × 𝜑 × (𝜑)𝜑
−
2
3
+ (1 − 𝜑)𝜎𝑝 
Suitable for 
both high and 
low content of 
EVA/CB, 
 surface area to 
volume ratio and 
conductivity of 
the polymer 
matrix. Provides 
better agreement 
between 
experimental and 
theoretical 
conductivities 
σc is conductivity of composites  σp is 
conductivity of polymer；φ is volume 
fraction of filler；C is a geometric 
parameter defining geometry, arrangement 
and overlap over conductive chains in the 
polymer matrix 
 
EVA/SCF and 
EVA/MWCNT 
 
A variety of models have been developed to estimate the electrical conductivity upon the 
addition of fillers to an insulating polymeric system by taking into account different factors 
and properties, such as those listed in Table 6.  For example, some of these models assume 
particle contact and thus only work once the percolation threshold has been reached. Others 
models, such as the Voet model[133], work below the percolation threshold to predict 
conductivities.  
The Voet model was initially developed to estimate how the presence of carbon black affects 
the electrical conductivity. Carbon black has a low packing density under normal atmospheric 
conditions and a void density of up to 97%. The unique structural characteristics induce 
electron tunnelling through the voids, rather than electron hopping or through particle 
contact[133]. Similarly, the Electron Tunnelling Effect (ETE) model [134] was designed to 
calculate the electrical conductivity of a material below the percolation threshold, assuming 
electron tunnelling is the dominant conduction pathway. This model is applicable for graphite 
filled systems, where the Voet model is not suitable because of the different structures 
between graphite particles and carbon black, where graphite has a well-developed crystalline 
structure, large particle size and a lower tendency to aggregate as compared to carbon black. 
In addition, the ETE model factors in the influence of temperature on lowering the energy 
barrier height for electron transmission;  and the resulting influence on the electrical 
conductivity[134]. 
 Unlike the aforementioned models, the McCullough model [136] is a generalised model to 
predict the transport properties of a composite. It takes into account a wide variety of factors 
such as filler shape and is able to calculate several different properties such as electrical 
conductivity, thermal conductivity,1 dielectric constant, magnetic permeability and diffusion 
coefficients. This model also uses electron tunnelling as the conduction mechanism within 
the composite, and thus is unsuitable for calculations at or beyond the percolation threshold.  
Whilst most properties used in the models can be calculated experimentally, there are two 
properties, namely the effective chain property and structure factor that are difficult to 
calculate using this model. 
In comparison, the Bueche model [137] assumes a different mode of transport in a composite 
system, in which the filler can be thought of as a series of infinite chains that are touching. 
This therefore means that the model is able to work above the percolation threshold. 
However, it deviates from experimentally observed results at low filler concentrations. This 
model makes a series of idealised assumptions. Firstly, it assumes that a lattice of identical 
spherical particles form, which are able to form a uniform packing structure. Secondly, the 
model assumes that a good dispersion of filler is present. Finally, this model is based on the 
rules of additivity, where the addition of the filler is assumed to have similar properties to the 
medium already present, e.g. similar conductivities. This means that when adding a 
conductive filler to an insulating medium, the model does less well in predicting properties.  
Finally, the Scarisbrick model [135] assumes that conduction takes place via particles that are 
in contact. The model is based on the theory of a liquid structure, where the volume of filler 
particles is randomly distributed in the matrix and there is no long-range order in the system. 
The model is able to take into account particle size, shape, orientation, contact resistance and 
packing arrangements and the bulk material properties are an average of all of the individual 
 particles present in the composite. The approach works well for modelling how conducting 
carbon black and short carbon fibre composites behave. However, this model was later 
modified to include the aspect ratio of the filler and its surface area to volume ratio so that 
MWCNTs could be modelled more effectively[138]. 
Figure 19 shows how each of the models performed with regard an ethylene vinyl acetate 
(EVA) composite with MWCNTs. It can be seen that the McCullough and Bueche models 
are typically orders of magnitude out in predicting electrical conductivity. The Scarisbrick 
model is also incorrect at low MWCNT filler loadings. However, the model and the 
experimental results converge together, with the model also following the shape of the 
experimental curve. The modified Scarisbrick model is able to predict the conductivity of the 
composite much more closely, demonstrating an improved relationship between theoretical 
and experimentally determined values[138].  
 
Figure 19 Graphs that show how A) the Scarisbrick model, B) the McCullough model and C) 
the modified Scarisbrick model performed at predicting the conductivity of EVA-MWCNT 
composites as a function of filler loading. Reprinted with permission from Sohi et al[138]. 
Copyright 2011 Elsevier. 
 
 Table 4 Percolation threshold (φc) of metal-filled polymer composites 
Matrix Metal powder Particle size (μm) Mixing method φc 
(vol%) 
Max. electrical conductivity S/cm Refs 
LDPE Copper 38 Internal mixer 18.7 0.11 @ 24 vol% Copper + 76 vol% LDPE [116] 
LDPE Copper 0.2-0.3 Mechanical mix 10 1 @35 vol% Copper + 65 vol % LDPE [117] 
HDPE 
 
Aluminum 83.0 Internal mixer 45-55 
wt% 
1 @65 vol% aluminum + 35vol % LDPE [139] 
Silver 9.0 Internal mixer 55-65 
wt% 
1000 @55 vol% silver + 45 vol% HDPE 
HDPE Nickel  Melt mix 8   [140] 
HDPE Silver 0.15 Melt mix, twin screw 17  0.01 @24 vol% silver + 76 vol% HDPE [141] 
HDPE Aluminum 25 Melt mix 35  10-2 @ 55 vol%  Aluminum + 45 vol%  HDPE [142] 
Copper 36 Melt mix -- conductance 105.7S @ 55 vol% Copper + 45 vol % HDPE 
Iron 9 Melt mix -- conductance 105.3 S @55 vol% iron + 45 vol% HDPE 
HDPE Iron 50.0-100.0 Roll mill 12   [143] 
PBT Silver 0.15 Melt mix, twin screw 13 0.001 @24 vol% silver + 76 vol%  PBT [141] 
Nylon (MXD6 a) Silver 0.15 Melt mix, twin screw 17.5 0.01 @ 24 vol% silver + 76 vol% Nylon 
CPA Iron 2.0 Melt mix, twin screw 20 0.01 @ 38 vol% iron + 62vol% CPA [144] 
PE Silver 0.1 Melt mix, twin screw 10 0.1 @ 22vol% silver + 78vol% PE [145] 
PVC Nickel 100 Dry mix, hot press 4.0 102.5 @ 30 vol% nickel + 70 vol% PVC [146] 
Copper 100 Dry mix, hot press 5.0 103.8 @ 38vol% copper + 62vol% PVC [146] 
EVA Zinc  Dry mix 19 3.2×10-5 @ 75wt% of zinc+ 25wt. % EVA [147] 
Lignocellulose Copper 45 Dry mix, hot press 11 102@(30vol. % copper + 70 vol% Lignocellulose [148] 
PVDF Nickel 0.05 Solution blending 16 0.0014 @ 35 vol% nickel + 65 vol% PVDF [120] 
PVDF Nickel 0.02 Dry mix, hot press 57 10-7 @ 57 vol% nickel + 43 vol% PVDF [121] 
PVDF Silver 0.1 Solution blending 20  [149] 
PS Copper nanowire 0.025 Solution mixing,  
then dry mixing 
0.24 100 @ 3 vol% Copper Nanowire+ 97 vol% PS [150] 
PS Copper nanowire 0.025 Solution mixing 2.0 10-5 @ 4 vol% Copper Nanowire + 96 vol% PS) [151] 
PP Iron 2.0 Melt mix, twin screw 24 0.01@ 38 vol% iron + 62 vol% PP [144] 
PPS Copper 0.5-2.0 Mechanical mix 6 10-7@ 20 vol% Copper + 80 vol% PPS [152] 
PEKK Silver Nanowire 0.1-0.4 Melt mix 0.59 2@ 5 vol% Silver Nanowire+ 95 vol% PEKK [153] 
HDPE/PBT Silver 0.15 Melt mix twin screw 8 10-2@ 20 vol% silver + 80 vol% HDPE/PBT [141] 
HDPE/MXD Silver 0.15 Melt mix, twin screw 10 10-2@ 20 vol% silver + 80 vol% HDPE/MXD [141] 
PE/POM Iron 3.5 Melt mix, twin screw 9 0.01@35 vol% iron+ 65 vol% PE/POM [154] 
PP/CPA Iron 2.0 Melt mix, twin screw 5 0.01@ 35 vol% iron+ 65 vol% PP/CPA [144] 
 PE Iron 3.5 Melt mix, twin screw 21 0.01@40 vol% iron+ 60 vol% PE [154] 
POM Iron 3.5 Melt mix, twin screw 24 0.01@40 vol% iron+ 60 vol% POM [154] 
Polyaniline Silver  In situ deposition 16.2 10000@40 vol% Silver+ 60 vol% Polyaniline [155] 
PVC Copper 44 Hot press 20 
wt% 
40@40 vol% copper+ 60 vol% PVC [156] 
PMMA Aluminium 63 Solution cast 20 
wt% 
 [157] 
PVDF Nickel  Solution mix 27.2 0.002@34 vol% nickel+ 66 vol% PVDF [158] 
Tungsten  Solution mix 34.4 5×10-6@45 vol% tungsten+ 55 vol% PVDF [158] 
Zinc  Solution mix 31.8 5×10-4@50 vol% zinc+ 50 vol% PVDF [158] 
SBS Copper nanowires  Vacuum filtrated  1858@20 wt% CUNWS+ 80 wt% SBS [118] 
PANI Silver  In-situ polymerization  6.6×10-2 @ temperature of 433K [159] 
PS Silver  In-situ bulk polymerization  103@20wt% silver+ 80 wt% PS [160] 
PMMA Silver  In-situ bulk polymerization  33@20wt% silver+ 80 wt% PMMA [160] 
PS/PMMA Silver  In-situ bulk polymerization  40×10-3@20wt% silver + 80wt% PS/PMMA [160] 
 
 
  
Table 7 Properties of polymer/metal composites
Filler/matrix systems Filler concentration Thermal 
conductivity of 
filler (W/mK) 
Thermal 
conductivity of 
composite 
(W/mK) 
Mixing method 
Ag/ PVDF[161] Ag,  20 vol% 420 6.5 Melt mixing 
Ag/MWCNT/HDPE[162] 0.2 wt% MWCNT+ 
3 wt% Ag 
420 0.714 Melt mixing 
Ag/PI[163] -- 420 27 Electro- spinning 
Ag/PA/PE[164] Ag coated PA, 33.4 
vol% 
420 1.935 
 
Cu/ PS microsphere[165] Cu, 23 vol % 377 26.14 Hot embossing 
Al/PVDF[166] Al, 50 vol% 270 3.258 Rheometer at 180 
°C and 20 min, 
then hot 
embossing 
BN/MWCNT/PPS[167] 50 wt% BN + 1 
wt% MWCNT 
250, 2800 1.74 Melt mixing 
h-BN60/h-BN110/PPS[168] 25 vol% h-BN60 + 
8.3 vol% h-BN110 
300, 300 2.04 Melt mixing 
h-BN60/MWCNT/PPS[168] 25 vol% h-BN60 + 
8.3 vol% MWCNT 
300, 3000 2.16 Melt mixing 
Graphite/CF/PA6[169] 30 wt% graphite + 
30 wt% CF 
800, 500 5.09 Melt mixing 
Al3/Al13/polyacrylate[170] 45 wt% Al3 + 45 
wt% Al13 
- 4.23 Ball milling 
followed by 
solution casting 
Al3/Al13/MWCNT/polyacrylate[170] 45 wt% Al3 + 45 
wt% Al13 + 1 wt% 
MWCNT 
- 3.86 Ball milling 
followed by 
solution casting 
AlN10/Al2O3(0.5)/(ETDS-DDM) 
epoxy[171] 
40.88 vol% AlN10 + 
17.52 vol% 
Al2O3(0.5) 
285, 30 3.402 Solution blending 
and casting 
1 μm h-BN/70 nm h-BN/PI[172] 21 wt% 1 μm h-BN 
+ 9 wt% 70 nm h-
BN 
- 1.2 Solution blending 
and casting 
AlN/MWCNTs/PGMA[173] 25 vol% AlN + 1 
vol% MWCNTs 
- 1.21 Solvent blending 
and casting 
BN/T-ZnO/PF[174] 30 wt% BN + 30 
wt% T-ZnO 
400, 60 1.96 Solution blending 
and casting 
SiC/GNP/DGEBA[175] 53 wt% SiC +  wt% 
GNP 
- 7.3 Solution blending 
and casting 
h-BN/c-BN/Epon8008[176] 8.8 vol% h-BN0.2 + 
8.8 vol% h-BN0.4 + 
8.8 vol% c-BN 
- 19.0 3 roll miller and 
casting 
BN/single layer 
graphene/Epon8008[177] 
10 vol% BN + 0.1 
vol% single layer 
graphene 
- 21.6 Solution blending 
and casting 
SiC/MWCNTs/DGEBA[178] 15 vol% SiC + 15 
vol% MWNCTs 
120, 2000 2.1 Solution blending 
and casting 
AlN/BN/DGEBA[179] 40 vol% AlN + 40 
vol% Bn 
- 8.0 Mechanical 
mixing and 
molded 
3 Thermal conductivity of polymer composites 
Polymers have low thermal conductivity in the range of 0.1~0.4 W/mK, the modification or 
 increase of the thermal conductivity of polymers is technically challenging. Metal particles 
and 1D and 2D carbon nanomaterials (6-6000 W/mK)[167] are promising for improving the 
thermal conductivity of polymers [180, 181], however interfacial defects between the fillers 
and polymer matrices can cause phonon scattering and lower the thermal conductivity (0.1-
0.5 WmK)[182, 183]. Some examples are listed in Table 7. The effects of morphology, 
structure, dispersion, interface and processing on thermal conductivity of polymer composites 
have been comprehensively overviewed in our recent reviews [180, 181], here we will briefly 
discuss the thermal conductivity of hybrid filler systems on thermoplastics and thermosets, 
and pay particular attention on the theoretical modelling [184] of thermal conductivity of 
polymer composites, as summarized in Table 8.  
3.1 Thermoplastic composites 
Hybrid filler combinations have been introduced to combine fillers of different shape, size and 
composition to enable the formations of a hierarchical thermally conductive pathway, which 
overcomes the high concentrations of agglomeration of single filler systems, poor 
processability, decreased mechanical properties and high cost[168] [170].  Some examples of 
thermoplastic hybrid composites are given in Table 7.  
Boron Nitride (BN) particles of different size and shape were incorporated together in PPS. 
The larger sized BN platelets act as a bridge between the smaller BN platelets when used in a 
1:3 ratio in PPS. This increased the thermal conductivity to 2.04 W/mK. Replacing the larger 
BN platelets with MWCNTs aided a further improvement of the thermal conductivity to 2.16 
W/mK. In this work, the size and shape of the MWCNTs as a secondary filler was deemed to 
aid phonon conduction between the small BN platelets[168].  
The impact of fillers within a polymer matrix is hindered by weak interfacial bonding between 
the two phases[185]. This causes a high thermal resistance between MWCNTs and the polymer 
 matrix and as well as an inherently high contact resistance between MWCNTs and BN. 
Chemical modification of MWCNTs using hydrogen peroxide introduced hydroxyl groups 
onto the surface of the MWCNTs and improved the interfacial interactions. When mixed with 
BN and PPS, the modified MWCNTs demonstrated an improved thermal conductivity to 1.74 
W/mK from 1.45 W/mK for unmodified MWNCTs[167]. 
Polyacrylate composites containing 45 wt% of 3 μm Al spheres and 45 wt% of 13 μm Al 
spheres showed an increase in thermal conductivity 4.23 W/mK. This is larger than the 
inclusion of 90 wt% of 3 μm Al spheres (2.57 W/mK) and 13 μm Al spheres (4.06 W/mK) due 
to the better packing of particles in the composite. The addition of 1 wt% of MWCNTs reduced 
the thermal conductivity to 3.86 W/mK due to the poor interfacial interactions between 
MWCNTs and polyacrylate preventing the MWCNTs from being monodispersed and aiding 
phonon conduction[170]. 
3.2 Thermoset composites 
Thermoset polymer composites differ from thermoplastic polymer composites in that they 
result in a crosslinked polymer network after curing. From Table 7, thermoset polymer hybrid 
composites have led to significant increases in thermal conductivity, up to 21.6 W/mK [177].  
Nonetheless, the combination of BN with metallic aluminium nitride (AlN) filler resulted in an 
increase in thermal conductivity to 8.0 W/mK. This was attributed to the high packing 
efficiency in the polymer composite which lowered the interfacial thermal resistance due to an 
optimised contact area between fillers.[179] 
To reduce interfacial thermal resistance between MWCNTs and SiC, both were surface 
modified by grafting triethylenetetramine. This hybrid system lowered the viscosity of the 
composite, reducing agglomerations of MWCNTs to ensure a higher monodispersity. In 
addition, chemical modification of the fillers led to the formation of MWCNT-MWCNT 
conducting networks and SiC-SiC conducting networks with a lower interfacial thermal 
 resistance between the filler particles. As a result, the thermal conductivity improved from 1.6 
W/mK for a single filler network to 2.0 W/mK for the hybrid network. Interestingly, increasing 
the filler content above 20 vol% led to increases in the thermal conductivity for the hybrid 
composite but a decrease was seen in the single filler networks.[178]  
One example of thermoset hybrid polymer composites utilises single layer graphene sheets (0.1 
vol%) with only 10 vol% of BN. Raman spectroscopy showed that when the graphene had no 
‘D peak’ in their spectra, the thermal conductivity of the hybrid composite was 21.6 W/mK. 
This missing peak demonstrated that the graphene had an almost perfect structure with zig-zag 
type sample edges instead of armchair type.[177]  
The interactions of BN can be tailored to form a network resulting in a thermal conductivity of 
thermoset composites up to 19.0 W/mK. This was achieved using 26.5 vol% of BN filler, with 
a 1:1:1 ratio of 0.4 μm sized h-BN, 0.2μm h-BN and 1 μm c-BN. The difference between h-
BN and c-BN is that h-BN has an analogous crystal structure to graphite, whilst c-BN has a 
structural behaviour analogous to diamond[181]. This led to a high inter-filler contact area 
between the two types of BN which reduced interfacial thermal resistance and enhanced 
thermal conductivity[176]. 
3.3 Thermal conductivity modelling 
Early models such as the Maxwell-Eucken model [186] considered the effective thermal 
conductivity of the continuous and discontinuous phase and the volume concentrations of the 
filler alongside a shape factor. However, this shape factor did not take into account the size, 
shape or spatial arrangement of the filler but only the volume occupied. The model provided 
good agreement at low spherical filler concentrations, where the filler particles are far apart 
and do not interact with one another. The model was later modified by Fricke to include 
homogeneous ellipsoidal particles[187] as well as cylindrical and flat plate filler geometries 
by Hasselman-Johnson-Benvensite[188]. From this work, the dispersion of the fillers was 
 found to be key for accurate correlation between experimentally and theoretically determined 
values for thermal conductivity. A generalised form of the model was developed by Hamilton 
and Crosser, which could be used for different particle shapes[189]. However, all of these 
models assume that all of the filler particles are homogenous and are not agglomerated or 
form networks. As a result, the models tend to deviate from experimentally observed results 
upon reaching the percolation threshold.  
Bruggeman developed a model similar to that of Maxwell-Eucken but with different 
assumptions made about how permeability and field strength affect the properties of the 
composite. Once again, this model was only applicable for dilute concentrations of spherical 
fillers but was shown to work independently of the polymer used in the composite system[190]. 
The theory of the Bruggeman model was used by Every-Tzou-Hassleman to determine the 
effect of particle size of conducting diamond on the thermal conductivity of zinc sulphide 
particles. From this, they determined the link between the microstructure of the filler and the 
effect observed on the thermal conductivity. Large particles enhance the thermal conductivity 
in a composite whereas filler particles smaller than the Kapitza radius lower the thermal 
conductivity. This is because the interfacial thermal barrier increases as the particle size 
decreases, due to a larger thermal insulating coating layer. Their modified Bruggeman model 
was able to follow the observed thermal conductivity trends for particle fillers above the 
Kapitza radius[191]. 
Unlike the Maxwell-Eucken model, the Bruggeman model works well across the entire range 
of filler concentrations. However, neither of the aforementioned Bruggemen models factored 
in the shape of the filler on thermal conduction. Jaijun modified the original Bruggeman 
equation so that both the filler shape and size were factored in. This resulted in a model that 
was in better agreement with experimental data than the original model (Figure 20)[192]. 
  
Figure 20 Variation in thermal conductivity with increasing content of aluminium nitride 
powder experimentally and compared to prediction from several models including the 
Maxwell model, Bruggeman model and Jaijun model (referred to as 'Newmodified'). 
Reprinted with permission from Jiajun et al[192]. Copyright 2004 Elsevier. 
 
Agari developed a model using a generalisation of parallel and series conduction modes for 
composite systems, which was further modified by assuming that the dispersion of the filler 
is isotropic[193]. In parallel conduction modes, the conducting filler is arranged parallel to the 
direction of thermal flux, which results in the highest thermal conductivity. Conversely, in 
series conduction modes the conducting filler is arranged in series to the direction of thermal 
flux, as shown in Figure 21.  
  
Figure 21 Conduction modes of thermal flux in: A) parallel conduction and B) series 
conduction in a composite material. Adapted with permission from Agari et al[193]. 
Copyright 1986 John Wiley and Sons. 
This model works well for filler contents up to 30 vol%. However, it requires two 
experimentally determined values: 1) a factor for the ease of forming conductive chains and 
2) a factor accounting for the crystalline content/crystallite size of the polymer which impact 
on the thermal conductivity of the composite. In later work, the extent of filler dispersion was 
incorporated into the model to account for poorer dispersions and agglomerations from 
different processing techniques such as in roll-milled mixing and melt mixing[194]. 
 
 Table 8 Theoretical models for thermal conductivity of composites 
Thermal 
conduction model 
Equation Characteristic 
Maxwell-Eucken 
model[186] 𝐾𝑐 =
2𝐾𝑚 + 𝐾𝑓 + 2∅𝑓（𝐾𝑓 − 2𝐾𝑚）
2𝐾𝑚 + 𝐾𝑓 − 2∅𝑓（𝐾𝑓 − 2𝐾𝑚）
𝐾𝑚 
Maxwell-Eucken model predicted that the filler particles are 
uniformly distributed in the matrix, there is no interaction between 
particles and the shape of the particles is spherical and randomly 
distributed. But the model is only suitable for low filler contents 
𝐾𝑐—Thermal conductivity of polymer composites； 
𝐾𝑚—Thermal conductivity of polymer matrix materials； 
𝐾𝑓—Thermal conductivity of the filler 
∅𝑓—Volume fraction of filler in composite materials； 
 
 
Bruggeman 
model[190] (1 − ∅𝑓)
3
=
𝐾𝑚
𝐾𝑐
(
𝐾𝑐 − 𝐾𝑓
𝐾𝑚 − 𝐾𝑓
)
3
 
Bruggeman proposed that the interaction of neighboring particles 
can be equivalent to the increasing of the number of dispersed 
particles in the calculation of thermal conductivity of composites 
with high filler content. 
 
 
Russell model 
[195] 
𝐾𝑐 = 𝐾𝑚 ⌊
𝜙𝑓
2/3 +
𝐾𝑚
𝐾𝑓
(1 − 𝜙𝑓
2/3)
𝜙𝑓
2/3 − 𝜙𝑓 +
𝐾𝑚
𝐾𝑓
(1 − 𝜙𝑓
2/3)
⌋ 
Russell model is based on the similarity between heat conduction 
and electrical conduction. Assuming that the filler is of the same 
geometry, no interaction and evenly distributed in the polymer 
matrix in the cube. 
 
 
Fricke model 
[187] 
𝐾𝑐 = 𝐾𝑐
1 + 𝑉 [𝐹 (
𝐾𝑓
𝐾𝑚
⁄ − 1)]
1 + 𝑉(𝐹 − 1)
 
Where 𝐹 =
1
3
∑ [1 + (
𝐾𝑓
𝐾𝑚
⁄ − 1) 𝑓𝑖]
−1
3
𝑖=1  
∑ 𝑓𝑖 = 1
3
𝑖=1 ，𝑓𝑖refers to the length of the semi axis of elliptical 
particles。 
Fricke assumes that the filler particles are elliptical and randomly 
distributed in the continuous matrix. When f1=f2=f3, the filler is 
spherical and the Maxwell equation applies. When f1=f2≠f3, the 
particle is an ellipsoid. 
 
 
 
 Hamilton and 
Crosser model 
[189] 
𝐾𝑐 =
(n − 1)𝐾𝑚 + 𝐾𝑓 + (n − 1)∅𝑓（𝐾𝑓 − 𝐾𝑚）
(n − 1)𝐾𝑚 + 𝐾𝑓 − ∅𝑓（𝐾𝑓 − 𝐾𝑚）
𝐾𝑚 
A more general equation of thermal conductivity of composite which 
takes particle shape into account is derived by Hamilton and Crosser 
 
Y.Agari 
model[193, 194] 
lg𝐾𝑐 = 𝜙𝑓𝐶2lg𝐾𝑓 + (1 − 𝜙𝑓)lg (𝐶1𝐾𝑚) 
 
For fibrous fillers： 
lg𝐾𝑐 = 𝜙𝑓 [𝐶2 lg (
L
D
) + E] lg𝐾𝑓 + (1 − 𝜙𝑓)lg (𝐶1𝐾𝑚) 
 
 
Series-parallel model is referred to by Y.Agari. The model is 
obtained by considering the factors of polymer crystallinity and 
crystal size.  
𝐶1—Factors affecting the crystallinity and crystal size of the 
polymer； 
𝐶2—Free factor to form conduction chain, which reflects the 
difficulty to form conduction chain，0 ≤ 𝐶2 ≤ 1.  
L/D is length diameter ratio of short fiber, C is the parameter related 
to fiber type and E is the parameter related to dispersion type.  
Hasselman-
Johnson-
Benvensite 
equation [188] 
𝐾𝑐 =
[2𝐾𝑚 + 𝐾𝑓(1 + 2α)] + 2∅𝑓[𝐾𝑓(1 − α) − 𝐾𝑚]
[2𝐾𝑚 + 𝐾𝑓(1 + 2α)] − 2∅𝑓[𝐾𝑓(1 − α) − 𝐾𝑚]
𝐾𝑚 
 
Thermal conduction of composite is derived through Maxwell 
equations when spherical particles randomly distributed in a 
continuous matrix, particle spacing is far enough, interface thermal 
resistance exists between particle and matrix.  
Every-Tzou-
Hasselman 
equation[191] 
(1 − ∅𝑓)
3
= (
𝐾𝑚
𝐾𝑐
)
(1+2α)/(1−𝛼)
(
𝐾𝑐 − 𝐾𝑓(1 − 𝛼)
𝐾𝑚 − 𝐾𝑓(1 − 𝛼)
)
3/(1−𝛼)
 
If the interface resistance does not exist, 𝛼 = 0 
Based on Bruggeman method, it is usable for composites with high 
particle content, thermal conduction of particle and matrix interface 
thermal resistance 
Yu model[196] 𝐾𝑐
𝐾𝑚
=
𝑆
(1 − 𝛷)
3(1−𝛼)
(1+2𝛼)⁄
 
Yu proposed a modified Every modelto take into account the 
synergistic effect of graphene and Al2O3 particles on the composite. 
S is the synergistic factor, 𝛷 is the volume fraction of the filler, α is 
related to thermal boundary resistance of fillers and polymer matrix 
Jiajun Wang 
model[197] 
1. 𝐾𝑐 =
[(n−1)𝐾𝑚+𝐾𝑓(1+(n−1)α)]+(n−1)∅𝑓[𝐾𝑓(1−α)−𝐾𝑚]
[(n−1)𝐾𝑚+𝐾𝑓(1+(n−1)α)]−∅𝑓[𝐾𝑓(1−α)−𝐾𝑚]
𝐾𝑚 
2. (1 − ∅𝑓)
𝑛
= (
𝐾𝑚
𝐾𝑐
)
(1+𝑛α−α)/(1−𝛼)
(
𝐾𝑐−𝐾𝑓(1−𝛼)
𝐾𝑚−𝐾𝑓(1−𝛼)
)
𝑛/(1−𝛼)
 
 
1. Based on Hamilton and Crosser to consider particle size，
Hasselman-Johnson-Benvensite is used to consider interface 
thermal resistance, Maxwell equation is improved and the new 
equation is obtained considering both the effect of thermal 
resistance and the particle shape on the thermal conductivity  
2. For high filler content, the improved Bruggeman equation 
considering both the effect of thermal resistance and the particle 
shape is obtained with similar method as Bruggeman.  
Porfiri 
model[198] 
 This model can be applied to composites containing coated solid 
particles in a matrix material and can be further expanded to include 
additional coating layers as it assumes that there is a three-phase 
 ?̌?𝑐 = (1 − 𝑓𝑎) + ?̃?𝑠ℎ𝑒𝑙𝑙(𝑓𝑎 − 𝑓𝑎−𝑡) + ?̃?𝑐𝑜𝑟𝑒𝑓𝑎−𝑡 +
1
𝑎
√
3
4𝜋
 
(𝑏𝑐01 (𝑓𝑎(?̃?𝑠ℎ𝑒𝑙𝑙 − 1) + 𝑓𝑎−𝑡(?̃?𝑐𝑜𝑟𝑒 − ?̃?𝑠ℎ𝑒𝑙𝑙))
+ 𝑐𝑐01𝑓𝑎(?̃?𝑐𝑜𝑟𝑒 − 1)) 
 
system present. 
Xue model[199]  
𝑘𝑐 = 𝑘𝑚
1 − 𝑓 + (
4𝑓
𝜋⁄ ) √
𝑘𝑓
𝑘𝑚
⁄ 𝑎𝑟𝑐𝑡𝑔 (𝜋
4√
𝑘𝑓
𝑘𝑚
⁄
⁄
)
1 − 𝑓 + (
4𝑓
𝜋⁄ ) √
𝑘𝑚
𝑘𝑓
⁄ 𝑎𝑟𝑐𝑡𝑔 (𝜋
4√
𝑘𝑓
𝑘𝑚
⁄
⁄
)
 
The model of effective thermal conductivity of 
CNTs-based composites considers the CNTs orientation distribution. 
Effective for >1 vol% of CNTs in composites 
 
Nan model[200]  
𝐾𝑐
𝐾𝑚
= 1 +
𝑓𝑝
3
𝐾𝑓
𝐾𝑚
⁄
𝑝 +
2𝑎𝐾
𝑑
𝐾𝑓
𝐾𝑚
 
 
In the model, a complete theoretical analysis of the 
thermal transport behaviour of CNTs is made. It predicts the 
degradation on the thermal behaviour arising from the interface 
thermal resistance exhibited between the CNTs and polymer matrix  
Shahil 
model[201] 
 
K𝑐 = 𝐾𝑓 [
3𝐾𝑚 + 2𝑓(𝐾𝑓 − 𝐾𝑚)
(3 − 𝑓)𝐾𝑓 + 𝐾𝑚𝑓 +
𝑅𝐵𝐾𝑚𝐾𝑓𝑓
𝐻
] 
Shahil’s model improves Nan’s model by treating the graphene 
layers as the thickness of graphene. The size, aspect ratio and 
thermal boundary resistance at the graphene/matrix interface are also 
considered in this model. Here RB is TBR at the graphene/matrix 
interface. 
X Shen 
model[202] 
 
𝑘𝑒𝑓𝑓(𝑛)
= 𝑘𝑚
3 + 𝑓 [2
𝑘𝑍
𝐶(𝑛) − 𝑘𝑚
𝑘𝑚 + 𝐿𝑍(𝑘𝑍
𝐶(𝑛) − 𝑘𝑚)
(1 − 𝐿𝑍) +
𝑘𝑥
𝐶(𝑛) − 𝑘𝑚
𝑘𝑚 + 𝐿𝑥(𝑘𝑥𝐶(𝑛) − 𝑘𝑚)
(1 − 𝐿𝑥)]
3 − 𝑓 (2
𝑘𝑍
𝐶(𝑛) − 𝑘𝑚
𝑘𝑚 + 𝐿𝑍(𝑘𝑍
𝐶(𝑛) − 𝑘𝑚)
𝐿𝑦 +
𝑘𝑥𝐶(𝑛) − 𝑘𝑚
𝑘𝑚 + 𝐿𝑥(𝑘𝑥𝐶(𝑛) − 𝑘𝑚)
𝐿𝑥)
 
A three dimensional model used to determine thermal conductivity 
of GNPs. It improved Nan’s model by introducing the number of 
graphene layers and the lateral size to calculate the macroscopic 
coefficients. 𝑘𝑖
𝑐 is the equivalent TC of composites along the i-axis. 
X Wang 
model[203] 
𝐾𝑐 = 𝐵0𝐾𝑚 + 𝐵1𝐾𝑚𝑉𝑓 + 𝐵2𝐾𝑓 A general model designed to focus on artifical shapes of fillers and 
the resulting effect on the thermal conductivity of the composite 
materials. B0, B1 and B2 are coefficients that vary with the shape of 
 the particles according to experiment.  
L Chen 
model[204] 
𝑘𝑒𝑓𝑓,𝑥 = 𝑘𝜁−𝜁
𝑐 𝑐𝑜𝑠2𝛼 + 𝑘𝜂
𝑐𝑠𝑖𝑛2𝛼                       （2a） 
𝑘𝑒𝑓𝑓,𝑧 = 𝑘𝜁−𝜁
𝑐 𝑠𝑖𝑛2𝛼 + 𝑘𝜂
𝑐𝑐𝑜𝑠2𝛼                       （2b） 
where 
𝑘𝜂
𝑐 =
𝐻
2𝛿𝐻
𝑘𝑚
+
2𝐿𝑊𝑏
2𝐿𝑊𝑘𝑚+√3∙𝑎2(𝑘𝑝,𝜂−𝑘𝑚)
                                            
𝑘𝜁−𝜁
𝑐 =
1
2
[
𝐿
2𝛿𝐿
𝑘𝑚
+
2𝐿𝑊𝑎
2𝐻𝑊𝑘𝑚+√3∙𝑎𝑏(𝑘𝑝,𝜁−𝜁−𝑘𝑚)
+
𝑊
2𝛿𝑊
𝑘𝑚
+
2𝐿𝐻𝑎
√3𝐻𝐿𝑘𝑚+0.75√3∙𝑎𝑏(𝑘𝑝,𝜂−𝑘𝑚)
] 
 
 
This model was for calculating the thermal conductivity of aligned 
hexagonal boron nitride (h-BN) platelet polymer composites by the 
unit cell method. Here 𝑘𝜂
𝑐  and 𝑘𝜉−𝜁
𝑐  are the enhanced thermal 
conductivities of the unit cell along the η direction and in the ξ −
ζ plane.  
 
Chu model[205] 
𝐾𝑐
𝐾𝑚
=
3 + 2𝜂2𝑓 [𝐾𝑚 (
2𝑅𝑘
𝐿⁄ + 13.4√𝑡)]⁄
3 − 𝜂𝑡
 
Due to the irregularity of GNPs, a surface flatness ratio is introduced 
to theoretically analyze the thermal conductivity of GNP 
composites. The model shows that higher flatness ratios (η) lead to 
better thermal conductivity enhancement. RK is the filler-matrix 
interfacial thermal resistance, f is the filler volume fraction 
 
  
Figure 22 Schematics showing (A) assembly and dispersion morphology of hybrid fillers in 
polymers (adapted with permission from Tang et al[54]. Copyright 2014 Royal Society of 
Chemistry), and (B) phase morphology development of polymer blends in the presence of 
fillers. 
4. Conclusions  
Electrically and thermally conductive polymer composites continue to find important 
applications in energy, transportation, electronics, shielding and structural health monitoring 
for next generation infrastructure. For shielding applications, the electrical conductivity and 
EMI shielding performance of polymer composites are highly dependent on the selection of 
electrically conductive fillers, their dispersion and interfacial interactions with polymers, 
along with the phase morphology of the composites.  
To reduce the percolation threshold (φc), different strategies have been investigated including 
 using high quality conducting fillers (CNTs or graphene), increasing the aspect ratio of the 
fillers, alignment of the fillers and using a combination of different types of fillers. The latest 
developments of these approaches have been discussed and also present in Figure 26, 
including;  
i. the dispersion and distribution of functional fillers can be controlled by surface 
modification and processing conditions; 
ii.  selectively locating fillers in one of the phases or at the interface of polymer blends 
can reduce the φc and achieve high electrical conductivities, noting that the 
morphology of polymer composites are also affected by processing history, such as 
mixing time, shear rate and mixing sequence;  
iii. the φc can be further reduced when fillers are selectively trapped at the interface of co-
continuous polymer phases, or form an ordered network creating segregated systems, 
where a double- or triple- percolation threshold can often be observed[88]. Immiscible 
polymers with co-continuous phase morphologies are utilised in order to create a 
percolative polymer phase where the selective localisation of conductive fillers in one 
of the percolative polymer phases or at the interfaces leads to the generation of a 
continuous conductive path at a reduced φc. Kinetically this morphology requires high 
shear rate processing or injection moulding to complete the formation of the co-
continuous phases in the composite; 
iv. composites containing multiple filler types with different dimensions, aspect ratios 
and properties can be located within different polymer phases and generate synergistic 
effects on conductivity, magnetic and mechanical properties, which has found 
applications in EMI shielding applications (Table 6). 
The thermal conductivity of polymer composites containing metallic fillers and the 
 chronological development of the theoretical models used to predict thermal conductivity 
were also discussed. Unlimited possibilities are envisioned when such hybrid composites are 
designed with proper configurations, such as layer-by-layer sandwich structures, fibre- or 
foam-like design, which are preferable for lightweight and multifunctional engineering 
systems.  
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Appendix I 
Key terms discussed in the review 
Term Definition 
Dispersion Nature of the filler in the polymer matrix relating to their agglomeration 
and size and shape distribution. 
Multi-functional In the area of materials or devices, it refers to the fact that the 
materials can have more than one desirable property, such as thermal 
conductivity, electrical conductivity, biodegradability, 
biocompatibility, hence multi-functional. 
Thermodynamic 
reaction 
control or kinetic 
reaction control  
In the case of polymer nanocomposite processing, the nanoparticles 
(NP) can be dispersed kinetically by controlling the processing 
conditions, such as temperature, shearing rate and time, while NP 
dispersion in one polymer phase or at interfaces is also affected 
thermodynamically by the surface properties and interfacial 
interactions. 
Surface energy Surface energy is defined as the energy difference between the bulk of the 
material and the surface of the material. 
Surface chemistry Surface Chemistry is the study of the phenomena that take place at 
the surfaces of substances like adsorption, the formation of colloids, 
heterogeneous catalysis, corrosion, dissolution, crystallization. It is a 
concept that has widespread applications in industry as well as day-to-day 
life. 
pi-conjugation A conjugated system has a region of overlapping p-orbitals, bridging 
interjacent single bonds. They allow a delocalization of π electrons 
across all the adjacent aligned p-orbitals 
Dual Percolation The formation of two conducting filler networks in a composite 
Electron hopping 
 
The movement of electrons through overlapping orbitals, typically along 
conjugated structures as bridges with the donor, bridge and acceptor energy 
 levels at a similar level. 
Electron tunnelling This is the transport of electrons between a donor and acceptor and can 
only take place over short ranges – typically less than 5 nm. 
Thermal Annealing The application of temperature and time to alter the polymer morphology 
Percolation 
Threshold 
The concentration of filler at which the contact between filler particles 
forms a conducting network through the matrix 
Flexural Strength The maximum applied stress  before a bending failure is observed 
Liquid Sensing The change in response (e.g. electrical resistivity) upon exposure to liquids 
Impact Strength A method of determining the impact resistance of materials. It can be tested 
by Izod impact test or Charpy Impact test.  
Sea-island 
Morphology 
Where one polymer phase is dispersed (islands) and the other polymer 
phase is continuous (sea) 
Dielectric Loss The dissipation of energy through the movement of charges in an 
alternating electric field 
Dielectric Constant  A measure of the electrical energy storage in a material 
Thermal 
Conductivity 
The rate at which heat moves through a material 
Thermal Resistance Measurement describing a materials resistance to heat flow 
Phonon A quasiparticle representing the excited state for the modes of vibrations of 
elastic structures in interacting particles in quantum mechanics to carry 
heat 
Electromagnetic 
interference (EMI) 
and radio frequency 
interference (RFI) 
All electronics emit magnetic and electrical energy, if this energy 
unintentionally interacts with another device and causes it to malfunction. 
The EMI shielding efficiency (SE) shows the capacity of the materials to 
dissipate electromagnetic energy, and is generally expressed in decibels 
(dB). The specific SE (dB cm2/g) is defined as SE divided by the mass 
density and thickness, it is a crucial criterion for high-efficiency shielding 
materials. 
Attenuation Attenuation is one of the principal indicators for measuring the 
effectiveness of electromagnetic interference shielding. It refers to the 
difference between an electromagnetic signal’s intensity before shielding 
and its intensity after shielding. Attenuation is marked in decibels (dB) that 
correspond to the ratio between field strength with and without the 
presence of a protective medium. The decrease in a signal’s intensity, or 
amplitude, is usually exponential with distance, while the decibel range 
falls along a logarithmic scale. This means that an attenuation rating of 50 
dB indicates a shielding strength ten times that of 40 dB. In general, a 
shielding range of 10 to 30 dB provides the lowest effective level of 
shielding, while anything below that range can be considered little or no 
shielding. Shielding between 60 and 90 dB may be considered a high level 
of protection, while 90 to 120 dB is exceptional. 
volume-exclusion 
effect 
In polymer science, excluded volume refers to the idea that one part of a 
long chain molecule cannot occupy space that is already occupied by 
another part of the same molecule. 
High stretching 
sensitivity 
The stretching sensitivity indicates the ‘resistance- strain dependence’ 
behaviour of stretchable strain sensors. Dynamic strain-sensing test is 
 carried out to evaluate the stability of the strain sensor. Generally 
successive tensile tests are performed on the materials and the resistance 
(R) is plotted against time. The sensitivity can be quantitatively 
characterized by the gauge factor (GF), which is defined as ΔR/(εR0), 
where ΔR is the change from zero-strain resistance (R0) due to an applied 
strain. Sensitivity increases with the increase in magnitude of GF. 
Mean harmonic 
approximation 
The quasi-harmonic approximation is a phonon-based model of solid-state 
physics used to describe volume-dependent thermal effects, such as 
the thermal expansion. It is based on the assumption that the harmonic 
approximation holds for every value of the lattice constant, which is to be 
viewed as an adjustable parameter. 
Appendix II 
Polymers discussed in the review 
Polymer Name Acronym Repeat Unit Structure 
Polyacetylene PAc 
 
Polyphenylene vinylene PPV 
 
Polyaniline PANI 
 
Polypyrrole PPy 
 
Polyamide 6 PA6 
 
Polystyrene PS 
 
Polymethylmethacrylate PMMA 
 
Polypropylene PP 
 
 Polyamide 12 PA12 
 
Polyvinylidene fluoride PVDF 
 
Poly(p-phenylene benzobisoxazole PBO 
 
Natural Rubber NR 
 
Cyclic Olefin Copolymer COC 
 
Ethylene Propylene EP 
 
Polylactic acid PLA 
 
Styrene-butadiene-styrene SBS 
 
Acrylonitrile butadiene styrene ABS 
 
Polycarbonate PC 
 
Poly ε-caprolactone PCL 
 
Polyetheylene-co-1-octene POE 
 
 Polyethylene PE 
 
Polyethylene Vinyl Acetate EVA 
 
Polyethylene terephthalate PET 
 
Styrene Acrylonitrile SAN 
 
Polybutylene terephthalate PBT 
 
Polyvinyl Chloride PVC 
 
Polyphenylene sulphide PPS 
 
Polyetherketoneketone PEKK 
 
Polyimide PI 
 
Polyglycidyl methacrylate PGMA 
 
Bisphenol A diglycidyl ether DGEBA 
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